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Displacement Ventilation (DV) system is used to improve the thermal comfort 
and indoor air quality in buildings in an energy-efficient manner. However, the 
ventilation air could still be polluted since it travels a long way before it 
reaches the inhalation area. Personalized ventilation (PV) system could be 
coupled with DV system to alleviate this problem. Previous studies show that 
PV system could protect occupants from pollutants in most cases. However, 
the performance of different ATDs coupled with DV system has not been fully 
studied. Moreover, CFD modeling has rarely been applied to PV system 
coupled with DV system in the presence of manikin. 
 
In this study experiments and CFD modeling were performed to compare the 
indoor air quality and thermal performance of two PV ATDs when they are 
coupled with displacement ventilation at two different supply air temperatures. 
A round movable panel (RMP) and a pair of desktop PV air terminal devices 
(DATD), which are quite different from each other, were coupled with DV 
system. The experimental study was performed to investigate how the use of 
the two different PV ATDs would affect pollutant transportation and thermal 
environment around the manikin and in the room. The results of the 
experimental study were used to validate the CFD models. In the CFD study, 
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different supply air temperatures and flow rates of PV system were applied. 
The results were analyzed to show how the supply air temperature and flow 
rate of PV would affect the air quality and thermal environment around the 
manikin and in the room.  
 
When the pollutant source is put on the table, both PV ATDs could improve 
inhaled air quality. RMP could better improve inhaled air quality than DATD 
when the pollutant source is on the table. The pollutant exposure of a walking 
occupant in the room would be affected by the use of RMP. When DATD is 
used, the pollutant exposure of a walking occupant is not observed to be 
affected. When the pollutant source is on the floor, both PV ATDs could 
improve inhaled air quality. DATD could provide more protection than RMP. 
The temperatures of these body segments exposed directly to the room air tend 
to be influenced more by the change of DV supply air temperature. In the 
numerical study, it is found that when RMP is used, the RMP air flow rate 5 l/s 
is not sufficient to deliver fresh air fully into breathing zone. The optimum air 
flow rate for RMP is found to be around 10 l/s. When the air flow rate of RMP 
is too large, the thermal plume of displacement and the exhaust of pollutants 
will be affected. PV air temperature is also found to have impact on pollutant 
transportation around manikin. 
vi 
 
However, in the CFD study, the clothes and hair of manikin and the chair are 
not included into the model, and the respiration is not considered. In future 
study, a study of particulate pollutant transportation in the coupled system 
could be important and interesting.  
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Chapter 1:  Introduction 
1.1 Background and Motivation 
Nowadays people spend a lot of time indoors therefore the indoor air quality is 
a crucial public health concern. Poor indoor air quality could lead to health 
problem such as the sick building syndrome (SBS) and reduce productivity. 
Airborne infectious diseases such as SARS and H1N1 occurred during the last 
few years make the issue of providing better IAQ more important and urgent. 
The worldwide energy crisis in 1970s brought public recognition of the 
importance of energy saving. As a result, the buildings have been made more 
airtight and many kinds of insulation materials are used to minimize the loss 
of energy through the building envelope. Moreover, decorating and furniture 
materials emit indoor particle pollutants and volatile organic compounds 
(VOCs). The combination of low fresh air ventilation rates and the presence of 
various pollutant sources results in low air quality. Selection of low-polluting 
materials is helpful for improving indoor air quality. However, the markets of 
building, decorating and furniture materials are complex, which makes the 
selection difficult. Furthermore, there are limits to which the pollution sources 
can be reduced. Another way to improve indoor air quality is to supply large 
amount of fresh air through the ventilation systems. However, this method 
may increase energy consumption and may cause thermal discomfort. 
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Various ventilation disciplines and devices have been developed during the 
past decades to provide a cleaner and safer indoor environment. Among them 
mixing ventilation (MV), displacement ventilation (DV), under-floor air 
distribution (UFAD) and personalized ventilation (PV) are more popular and 
well studied. In mixing ventilation supply air is first well mixed with the room 
air and then the mixed air will arrive at occupants’ breathing zone. The supply 
air might be polluted during the mixing process. Displacement ventilation 
supply cool and clean air to the lower space of the room, and then the air will 
be transported into the upper space and exhausted from return grilles in the 
ceiling. It could provide better indoor air quality and use energy more 
efficiently. However, there is still a risk of pollution of supply air before it 
enters into occupants’ breathing zone. In addition, there are occupants with 
different individual preferences to the air temperature and movement in the 
room. It is difficult to create an indoor environment that could satisfy 
everyone when many people are present. Personalized ventilation supplies 
fresh air directly into the occupants’ local environment and aims at individual 
control of the temperature and movement of the PV air. 
 
Therefore, it may be a good practice to couple displacement ventilation with 
personalized ventilation. As displacement ventilation is more energy-efficient, 
3 
 
while personalized ventilation would provide better air quality, thermal 
comfort and individual control of local environment. It is important to 
investigate whether the coupled system would have good performance in 
terms of the integration of the advantages of each kind of ventilation. However, 
the performance of different PV ATDs coupled with DV has not been fully 
studied. Futhermore, while CFD modeling could save the cost of study and 
give better visualization of results, there is little application of CFD modeling 
on PV systems coupled with DV systems in the presence of manikin in the 
model. 
  
1.2 Research Objectives 
The research objectives of this study include: 
1.  To compare the indoor air quality and thermal performance of two PV 
ATDs coupled with DV system; 
2.  To evaluate the impact of the PV air supply rate and temperature on PV 
performance; 
3.  To make recommendations on the strategy of PV system in rooms served 
by DV system. 
 
1.3 Organization of thesis 
This thesis has five chapters and presented in the following sequence: 
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Chapter one outlines the background, the research motivation, the research 
objectives and the organization of this thesis. 
Chapter two presents a review of past research in the area of displacement 
ventilation (DV), indoor air flows, indoor pollutants, personalized ventilation 
(PV), combination of PV and DV, numerical study on indoor air quality and 
thermal environment and strategy of PV system. 
Chapter three presents the methodology of this study. The set-up of the 
experimental study, instrumentation and methods of measurement are 
described in detail. The CFD models and grid generation are also introduced 
in this chapter. 
Chapter four discusses the analyzed data from the experiment and numerical 
simulation. Validation of CFD models can also be found in this chapter. 
Chapter five highlights the concluding remarks of this research, the limitations 
of this study and recommendations for future research. 
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Chapter 2:  Literature Review 
This chapter reviews research work in the following areas: displacement 
ventilation (DV); indoor air flows; indoor pollutants; personalized ventilation 
(PV); combination of PV and DV system; and numerical study on indoor air 
quality and thermal environment. Based on the literature review, the 
knowledge gap is identified and the research hypotheses are also established. 
 
2.1 Displacement Ventilation 
In Displacement ventilation (DV) system, supply air is directly introduced to 
the occupied space at a temperature slightly lower than the room ambient air 
temperature usually by floor- or wall-mounted diffusers. The supplied air 
spreads along the floor almost horizontally because of the momentum from the 
throw of the diffuser. The air as well as heat and contaminant are transported 
to upper space by the thermal plumes generated near warm surfaces. Figure 
2.1 shows a typical DV system installed in offices. 
 
Figure 2.1 Air flows in a displacement ventilated room. (Source: Li 2009) 
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According to Brohus and Nielsen (1996), compared to traditional mixing 
ventilation (MV) system, DV system has the ability to provide better inhaled 
air quality, especially when the contaminant sources are also heat sources. As 
the exhaust air is at a temperature higher than room air, DV system can use 
energy efficiently. However, DV system should be carefully designed, 
otherwise, local thermal discomfort might be caused by inappropriate vertical 
temperature gradient (Melikov and Nielsen, 1989) and air flow velocity near 
the floor (Pitchurov et al. 2002). 
 
DV system was first applied in industrial buildings in Scandinavian area in 
1938. Due to its ability to provide better indoor air quality and potential to 
save energy, DV system has been increasingly employed in Scandinavian 
countries and eventually spread worldwide as a means of ventilation in 
industrial facilities to provide good indoor air quality while saving energy 
(Breum and Orhede, 1994; Niemelä et al, 2001). The application of DV 
system has been extended from large scale spaces with high floor to ceiling 
height, such as theatres and auditoriums, to small spaces such as classrooms, 
offices and other commercial spaces where, in addition to IAQ, comfort is an 
important consideration (Nishioka et al, 2000). This study also focuses on a 




2.1.1 Thermal environment 
The vertical air temperature distribution is an important feature of the thermal 
characteristics of DV systems. Vertical temperature distributions depend 
largely on supply air velocity and temperature. At low supply air volumes, 
vertical temperature differences in occupied zones are large. As supply air 
rates increase, smaller vertical temperature distributions are formed (Mundt, 
1996). Generally, the vertical temperature gradients are identical at any 
location in the room except the areas with thermal plumes. 
 
Yu et al. (2005) studied the thermal environment using a thermal manikin in a 
field chamber with DV, and the chamber was operated at three different levels 
of vertical air temperature gradients. It was found that temperature gradient 
had different influences on thermal comfort at different overall thermal 
sensations. At overall thermal sensation close to neutral, only when room air 
temperature was substantially low, such as 20 °C, percentage dissatisfied of 
overall body increased with the increase of temperature gradient. At overall 
cold and slightly warm sensations, percentage dissatisfied of overall body was 
non-significantly affected by temperature gradient. Overall thermal sensation 
had significant impact on overall thermal comfort. Local thermal comfort of 
body segment was affected by both overall and local thermal sensations. 
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Hao et al. (2007) applied a model to estimate the indoor air quality (IAQ), 
thermal comfort and energy saving potential of a combined system of cooled 
ceiling, DV and desiccant dehumidification. It was found that this system 
could save energy while providing better IAQ and thermal comfort compared 
with ordinary variable air volume (VAV) ventilation systems. 
 
Yuan et al. (1999) measured and computed room airflow with DV for three 
typical room configurations: a small office, a large office with partitions and a 
classroom. Temperature stratification was clearly observed in rooms served by 
DV system. It was found that in the occupied zone, the temperature gradients 
were steeper. Since occupants occupy the lower zone of a room, this 
temperature stratification represents a potential risk of draught and thus it is 
critical to ensure that the temperature difference is sufficiently small between 
the head and feet levels. Hence, considerations on thermal comfort require an 
maximum limit to the acceptable vertical temperature gradient in office spaces. 
ISO 7730 (2005) presents moderate thermal environments and recommends 
that vertical temperature difference between 0.1 m and 1.1 m above floor shall 
be less than 3 °C for thermal comfort.  
 
Temperature distributions in displacement ventilated rooms also depend on the 
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vertical locations of the heat sources. Temperature gradient in the lower space 
is larger compared to that in the upper space when the heat sources are located 
in the lower part of a room. Park and Holland (2001) used two-dimensional 
computational simulations to examine the effects of vertical location of a 
convective heat source on thermal DV systems. The convective heat gain from 
the heat source to an occupied zone became less significant when the location 
of the heat source above the floor elevated. This effect changed the 
temperature field and resulted in the reduction of the cooling load in the 
occupied zone. Li et al. (2005) found that the stratification level was also 
affected by the heat source location at a given flow rate by using CFD 
simulation.  
 
Zhang et al. (2005a) compared the thermal performance of DV and mixed 
ventilation using CFD methods with different models of several types of 
buildings, under a wide range of Hong Kong thermal and flow boundary 
conditions. It was found that through proper design, DV can maintain a 
thermally comfortable environment that has a low air velocity, a small 
temperature difference between the head and ankle level, and a low percentage 




Zhang et al. (2005b) conducted a CFD study to evaluate the effect of the air 
supply location on the performance of DV. It was found that locating the air 
supply near the center of the room would provide a more uniform thermal 
condition in the modeled office. It was also found that it is possible to use 100% 
fresh air without extra energy consumption for DV systems in Hong Kong. 
 
2.1.2 Contaminant distribution and ventilation efficiency 
The undisturbed flow pattern of DV system generates a contamination 
gradient within the room, which does not necessarily have the same profile as 
the temperature gradient. According to Brohus and Nielsen (1996), a 
characteristic two–zonal contaminant distribution is generated when the 
contaminant sources are associated with heat sources. Etheridge and Sandberg 
(1996) found that the interface layer observed between the upper polluted and 
lower clean space is formed where the net flow volume of plumes equals to 
the supply airflow rate, and the thickness of the layer is typically about 0.5 m. 
The convection flow air volume and the plume height depend on the shape, 
surface temperature and distribution of the heat sources. The plume height is 
strongly influenced by the temperature gradient in a room. Skistad (1994) 
found that in a room with several heat sources, if the convection flows from 
the contaminant source are not the warmest, the contaminant may settle in a 
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layer where the concentration locally exceeds the exhaust concentration. 
 
Holmberg et al. (1990) explored the limitation of displacement ventilation 
system in improving the indoor air quality. They commented that with air flow 
rate of 10 l/s per person, the air quality in the breathing zone with occupants 
sitting still was better than that of conventional system even though the 
displacement zone height was slightly below the head height of the seated 
persons. With air flow rate down to 5 l/s per person, there was no appreciable 
improvement in the quality of the inhaled air, since the displacement zone 
height was far below the breathing height. 
 
Zhang et al. (2005c) compared the indoor air quality of DV and mixed 
ventilation under different boundary conditions. According to the result, that in 
general, compared with conventional, DV may provide better IAQ in the 
occupied zone. Lin et al. (2010) measured and compared gaseous contaminant 
diffusion under stratum ventilation and under displacement ventilation. Which 
system gives larger concentrations of gaseous contaminants in occupied zone 





2.1.3 Activity of occupants 
The activity of occupants, including body movements, walking and opening or 
closing doors in a displacement-ventilated room generally causes negative 
disturbance to the indoor environment. Body movements can disturb the 
boundary layer around the body, which prevents the usually clean air in the 
lower space from entering the breathing zone. Walking in the room could also 
disturb the overall temperature distribution as well as contaminant distribution 
and indirectly affects the inhaled air quality of other persons in the room. The 
opening of doors changes the boundary conditions of indoor spaces and 
introduces additional heat source and convection flux and could affect the 
indoor thermal comfort and air quality.  
 
Holmberg et al. (1990) explored the limitations of displacement ventilation 
system in improving the indoor air quality. It was found that improvement of 
DV in air quality was reduced by the natural movement of occupants. 
Hyldgård (1994) and Brohus and Nielsen (1995) investigated the contaminant 
concentration of the inhaled air of a thermal manikin located in uniform 
horizontal flows of different velocities in a wind channel. The effect of 
movements of the manikin was assumed to be equivalent to the impact of the 
uniform velocity field. They found that the boundary layer and the inhaled air 
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quality was already affected considerably at a velocity of 0.1 m/s. Mattson et 
al. (1997) carried out a study with a person simulator moving continuously 
back and forth in a displacement-ventilated room. The inhaled air quality 
decreased when the movement velocity was around 0.2 m/s. At this speed the 
convection flow seemed to be deflected away from the breathing zone. All the 
studies generally agreed that the air quality in the breathing zone of a fast 
walking person (>1.0 m/s) could be considered the same as in the ambient air. 
Zhang et al. (2007) investigated the effect of the opening of doors with CFD 
simulation, and found that the displacements of the gaseous contaminants 
were significantly reduced by the opening of doors due to the change in 
airflow pattern. 
 
2.1.4 Exhaled air 
The distribution of exhaled air is of great importance with respect to the 
transmission of infectious agents, and in situations with passive smoking. This 
issue has attracted much attention due to the large-scale contagion of 
infectious diseases, such as SARS, bird flu and H1N1. Air is exhaled with 
positive buoyancy and initial momentum. It typically penetrates the free 
convection boundary layer around the body and becomes free of it. 
Observation shows that both the buoyancy and momentum are diffused 
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quickly after the exhalation. In a calm environment the exhaled air may 
stratify in the breathing zone height. If it does so, the local concentration may 
exceed several times the concentration around the person at the same height. 
Different authors disagree about the impact of a breathing opening. Bjørn et al. 
(1997) observed stratification of air exhaled through the mouth. Exhalation 
through the nose did not stratify and the contaminant distribution was similar 
to the case when the contaminant was released in the plume above the manikin. 
On the contrary, exhalation through the nose reportedly stratified in 
experiments of Hyldgård (1994). Bjørn (2002) showed that the pulmonary 
ventilation rate is more important for the flow pattern in front of a person than 
the exhaled air temperature. Bjørn et al. (1997) showed that movement of a 
manikin in the room at a very low speed (0.2 m/s) dissolved the stratification 
layer of exhaled air. According to Bjørn (2002), the stratification is affected by 
the steepness of the vertical temperature gradient in the immediate 
surroundings of the respiration zone. The critical limit for the stratification to 
develop is approximately 0.5 K/m.  
 
Bjørn and Nielsen (1996) studied personal exposure to air exhaled by another 
person using two breathing thermal manikins standing in a 
displacement-ventilated room. They showed that the inhaled air concentration 
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was significantly greater than in the exhaust when the manikins exhaled 
directly towards each other. As the distance between the manikins increased, 
the exposure decreased. The concentrations inhaled were comparable to the 
exhaust concentration when the distance exceeded 1.2 m for exhalation 
through the mouth, and 0.8m for exhalation through the nose. When 
exhalation was directed towards the back of manikin, larger exposures did not 
occur. A CFD simulation by Bjørn and Nielson (1998) showed that the 
personal exposure was very sensitive to variations in the convective heat 
output of both the exposed person and the exhaling person, and in the 
cross-sectional exhalation area (mouth) and the pulmonary ventilation rate of 
the exhaling person. 
2.2 Personalized Ventilation 
Unlike total volume ventilation, the concept of personalized ventilation aims 
to shorten the distance clean air travelled before arriving at the breathing zone 
by providing clean air directly to occupants. In this way the inhaled air has 
less chance of being polluted by contaminants in the room, which could be 
either airborne infectious agents produced by other occupants or chemicals 
from building materials. Studies (Bauman et al 1998; Melikov et al. 2002; 
Faulkner et. al., 1999; Melikov et. al., 2002; Kaczmarczyk et. al., 2004) have 
found that PV system has the potential to improve inhaled air quality and 
improve thermal comfort, as well as to provide individual control and save 
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energy consumption. However, the study of PV system coupled with DV 
system is limited. Hence, this study will focus on the inhaled air quality and 
thermal comfort performance of PV system in combination with the DV 
system. 
2.2.1 Air terminal device 
The supply ATD is an essential part of any PV system. The ATD delivers 
conditioned outdoor air to end-users and determines the air characteristics in 
the breathing zone. It plays a major role in the distribution of air around 
human body and, determines occupants’ thermal comfort and inhaled air 
quality. The air terminal device plays key role in creating high quality personalized 
air, and thus the design of terminal device is important. 
 
Before the consideration of PV for office applications, localized ventilation 
has been used in vehicle cabin (bus, car, and aircraft) and theater buildings for 
many years, with main focus on occupants’ thermal comfort. Air quality is 
usually not a concerned issue and therefore re-circulated air was used in 
localized ventilation.  
 
The potential of PV for improvement of occupants’ inhaled air quality has 
been studied during the last decade. Although the air terminal devices are of 
different appearances, shapes or positions relative to the occupants, the 
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designs of different PV ATDs have similar considerations for achieving both 
better thermal microenvironment by spot cooling of occupied zones and better 
inhaled air quality by minimizing mixing between personalized air and 
ambient air with individual control.  
 
   
a. Round movable panel          b. microphone-like air supply nozzle 
         
c. Head-set incorporated supply    d. Desk-edge-mounted task system 
Figure 2.2 Some PV terminal devices. (Figure a from Bolashikov et. al (2003); 
b from Zuo et. al (2002); c from Bolashikov et. al (2003); d from Faulkner et. 
al (2004)) 
 
Figures 2.1 and 2.2 show some of the studied PV ATD. Fanger (2001) 
advocated a paradigm shift to excellent indoor environment, and air terminal 
devices of PV have since been developed and studied for their contribution 
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towards this goal. Different from previous air terminal device used for 
localized ventilation, only fresh air is supplied by the PV air terminal devices. 
  
Figure 2.3 Examples of some ATDs. (Source: Melikov, 2004) 
 
Melikov et al. (2002) tested and compared the performance of five different 
ATDs as shown in Figure 2.3. A typical office workplace consisting of a desk 
with mounted ATDs was simulated in a climate chamber. A breathing thermal 
manikin was used to simulate a human being. Experiments at room air 
temperatures of 26 ℃ and 20 ℃ and personalized air temperatures of 20 ℃ 
supplied from the ATDs were performed. The flow rate of personalized air 
ranged between 5 and 23 l/s. Tracer gas was used to identify the amount of 
personalized air (the amount was described by a personal exposure 
effectiveness of PV air) inhaled by the manikin as well as the amount of 
exhaled air that was re-inhaled. The personal exposure effectiveness increased 
with the airflow rate from the ATD to a constant maximum value. A further 
MP: Movable Panel; 
CMP: Computer Monitor 
Panel;  
VDG: Vertical Desk Grill;  
HDG: Horizontal Desk Grill; 




increase of the airflow rate had no impact on the personal exposure 
effectiveness. The ATDs tested performed differently in regard to the inhaled 
air temperature used as another air quality indicator. The lowest temperature 
of the inhaled air was achieved by vertical desk grill. The vertical desk grill 
provided greatest cooling of the manikin’s head. In practice, this may cause 
draught discomfort for the occupants. The amount of exhaled air re-inhaled by 
the manikin was rather small with all tested ATDs. The temperature of the 
inhaled air decreased with the increase of personalized airflow. The results 
also suggested that PV may significantly decrease the number of occupants 
dissatisfied with the air quality. However,  an  ATD  that  will  ensure  more 
efficient  distribution  and  less  mixing  of  the  personalized  air  with  the 
polluted room air needs to be developed. 
 
2.2.2 PV air flows 
Airflow under PV configuration is very complex, as shown in Figure 2.4 in an 
office with PV supply. There are at least five airflows interacting with each 
other around human body, i.e., free convection flow around human body, 
personalized airflow, respiration flow, ventilation flow and thermal flow 
(Melikov, 2004). Thermal microenvironment and inhaled air quality in 




Figure 2.4 Airflow interaction around human body: 1) free convection flow, 2) 
personalized airflow, 3) respiration flow, (4) ventilation flow, 5) thermal flow 
(Source: Melikov (2004)) 
 
Personalized airflow is typically a free jet, which includes core region, 
characteristic decay region, ax-symmetric decay region and terminal region. 
The length of core region is about 4 to 5 times of jet outlet. It is suggested by 
Melikov (2004) that core region should reach breathing zone when the 
location of ATD is considered. Reasonably increasing the diameter of jet 
outlet will increase the length of core region. Only when personalized airflow 
penetrates free convection flow it can be inhaled. 
 
Upward free convection flow exists around human body because in 
comfortable environment its surface temperature is higher than the room air 
temperature. This flow is slow and laminar with thin boundary layer at the 
lower parts of the body and becomes faster and turbulent with thick boundary 
layer at the breathing level. A large portion of air that is inhaled by sedentary 
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and standing persons is from this free convection flow (Melikov, 2004). 
 
Respiration creates alternating inhalation and exhalation flows. The exhalation 
generates jets with relatively high velocity, 1m/s and more, which can 
penetrate the free convection flow around human body, effectively rejecting 
exhaled air from the flow or air that may subsequently be inhaled (Melikov, 
2004). The design of personalized air should avoid mixing with exhalation, 
and also avoid the exhalation which will be inhaled again. 
 
2.2.3 PV performance 
The performance of PV system has been extensively explored by both 
physical measurements, human response studies and CFD modeling in recent 
years. These studies provide some evidence that occupant satisfaction is 
improved with the use of PV, as compared to mixing ventilation. 
 
Earlier studies demonstrate that PV system could accommodate different 
cooling loads and subjects perceive a better thermal environment with the 
cooling effect of the body (Bauman et al 1993; Bauman et al 1998; Arens et al 
1998; Tsuzuki et al 1999; Melikov et al 2002; Kaczmarczyk et al 2002; 




PV system could accommodate different heat loads up to 446 W in one 
workstation (Bauman et al 1993), and improve micro thermal satisfaction to 
“near very satisfied” in workstation (Bauman et al 1998). The cooling effect 
on the body by different types of PV air terminal devices have been 
investigated by Tsuzuki et al (1999) and Melikov et al (2002). The research of 
Tsuzuki et al (1999) shows that the cooling effect is significant, which can 
lead to whole-body (of thermal manikin) heat loss equivalent to room air 
temperature decrease of 9.0 °C to cool the manikin. Melikov et al (2002) 
investigated the performance of five PV air terminal devices, i.e., Horizontal 
Desk Grill, Vertical Desk Grill, Personal Environmental Module, Computer 
Monitor Panel and Movable Panel. It was found that the Vertical Desk Grill 
(VDG) was the best among the five air terminal devices and VDG provided 
greatest cooling of the manikin’s head (manikin-based equivalent temperature 
decreased by – 6.0 °C when PV air flow is 10 L/s). However, VDG also 
increased the amount of exhaled air in each inhalation in comparison with an 
indoor environment without PV. Although in the experiments thermal comfort 
is obtained by exposing occupants to environments that are often thermally 
asymmetrical, with air movement and radiation directed onto some parts of the 
body and not on others, the subjective studies showed that subjects can 
maintain their whole body thermal neutrality (Kaczmarczyk et al 2002a) and 
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the operation of the PV system did not cause thermal discomfort of the 
subjects. (Faulkner et al, 2004). 
 
Yang et al. (2009) studied the interaction of the personalized airflow supplied 
from ceiling mounted nozzle (diameter of 0.095 m) with the thermal plume 
generated by a seated thermal manikin with the body size of an average 
Scandinavian woman and the impact of the personalized airflow on the body 
cooling. Experiments were performed in a test room with MV under numerous 
conditions comprising four combinations of room air temperature and 
personalized air temperature (23.5℃ / 21℃, 23.5℃ / 23.5℃, 26℃ / 23.5℃, 
26℃ / 26℃), four airflow rates of the personalized air (4, 8, 12, 16 L/s) and 
positioning of the manikin directly below the nozzle (1.3m distance between 
the top of manikin's head and the nozzle). The asymmetric exposure of the 
body to the personalized flow was studied by moving the manikin 0.2m 
forward, backward and sideward. The blockage effect of the unheated manikin 
on the personalized airflow distribution, studied at the case 23.5℃ / 23.5℃, 
was clearly observed 0.2m above the top of manikin's head where the 
centerline velocity was reduced to about 85% under all personalized airflow 
rates. In comparison with the reference case without personalized airflow, the 
manikin based ET for the head decreased with the increase of the airflow rate 
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from -1℃ to -6℃ under 23.5℃ / 21℃ case and from -0.5℃ to -4℃ under 
26℃ / 26℃ case, which are the two extreme cases among the four cases 
studied. The personalized airflow was least efficient to cool the body when the 
manikin was moved forward. 
 
Ventilation related indices, e.g., ventilation effectiveness and personal 
exposure effectiveness (see chapter 3), were also measured with PV system 
(Faulkner et. al., 1999; Melikov et. al., 2002; Kaczmarczyk et. al., 2004). 
Numerous laboratory and field studies were performed in the past decade. The 
performance of two desk mounted PV systems was compared in terms of air 
quality in breathing zone (Faulkner et. al., 1999). Air Change Effectiveness 
(ACE) and Pollutant Removal Efficiency (PRE) are used as indices to access 
ventilation condition in breathing zone. Ventilation effectiveness of a 
desk-edge-mounted PV system was explored and about 1.5 could be achieved 
which means 50% increasing for ventilation effectiveness compared with 
mixing ventilation (Faulkner et. al., 2004). The impact of airflow interaction 
on inhaled air quality and transport of contaminants between occupants in 
rooms with personalized and total volume ventilation was explored (Melikov 
et. al., 2003). PV system supplying air against face improved ventilation 
efficiency in regard to the floor pollution up to 20 times and up to 13 times in 
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regard to bio-effluents and exhaled air compared to mixing and displacement 
ventilation alone. 
 
Numerical simulation is also often employed to study the thermal environment 
and inhaled air quality. Gao and Niu (2004) conducted a CFD study on 
micro-environment around the body and PV. Experiments with a seated 
thermal manikin were carried out for validation of the CFD models. This study 
employed pollutant exposure reduction and personalized air utilization 
efficiency to indicate performance of PV. An optimized air flow rate was 
determined from the simulation results, but it is quite different from that 
achieved in experiments. Improvements of the CFD model were recommended. 
Zhao and Guan (2007) investigated dispersion of particles in a room ventilated 
by a PV system using CFD methods. A three-dimensional model is employed 
to model particle dispersion around a human body, as well as the airflow and 
temperature distribution is simulated after experimental validation. The results 
show that the personalized ventilation is not always the best resolution for 
particle removal, as different sizes of particles could have different dispersion 
characteristics even under the same air supply volume by different ventilation 
modes. Russo et al. (2009) developed a detailed, high-fidelity CFD model of a 
PV setup and after proving its validity by comparison with experimental data, 
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applied it to analyze reduce-mixing personal ventilation jets. It is shown that 
the air quality of the novel PV system is sensitive to the nozzle exit turbulence 
intensity and flow rate, and insensitive to jet temperature within the 20-26℃ 
range, and to body temperature within a clo range of 0-1. 
 
Conceicao et al. (2010) evaluated thermal comfort and air quality in a 
classroom with desks equipped two PV terminals, in slightly warm 
environment. A manikin, a ventilated classroom desk, two indoor climate 
analyzers, a multi-nodal human thermal comfort numerical model and a 
computational fluid dynamic numerical model, were used in this study. The 
results show that acceptable thermal comfort conditions and good air quality 
conditions were achieved, with acceptable local thermal discomfort conditions 
and with low energy consumption level. 
 
The turbulence intensity may also affect the thermal comfort of occupants. 
Sun et al. (2007) examined the performance of a circular perforated panel 
ATD for a PV system operating under two levels of turbulent intensity. The 
impact of turbulent intensity on spatial distribution of the cooling effect on the 
facial region and whole body were studied through experiments carried out in 
an indoor environment chamber using a breathing thermal manikin and 24 
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tropically acclimatized subjects. The PV system was adjusted to deliver 
treated outdoor air over a range of conditions, which were presented blind to 
the subjects in a balanced order. The results indicated that over the range of 
PV air supply volume studied, by controlling the temperature and velocity of 
PV air supply at 15 cm from the face, PV air supplied at lower turbulent 
intensity, when compared against that supplied at higher turbulent intensity, 
achieved a larger range of velocities at the face, a greater cooling effect on the 
head region as well as a lower facial thermal sensation, which had potential 
draft risks. 
 
2.3 PV in combination with total volume (TV) ventilation 
PV in conjunction with TV system has the potential to improve occupants’ 
PAQ, thermal comfort, decrease the occurrence of effects such as the SBS 
symptoms and reduce the risk of transmission of contagion between occupants 
in comparison with TV ventilation alone (Melikov, 2004).  
 
Cermak (2004) in his Ph.D. thesis examined air quality and thermal comfort in 
full-scale experiments with two kinds of PV terminal device, which generated 
two different types of airflow, coupled with three types of total-volume 
ventilation systems, i.e. mixing ventilation, displacement ventilation and 
under-floor air distribution respectively. Two breathing thermal manikins were 
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used to simulate occupants. The distribution of pollutants associated with 
exhaled air and floor material emissions was evaluated at various 
combinations of personalized and under-floor airflow rates. It was found that 
the use of PV in rooms with mixing ventilation may only be beneficial for 
local air quality and thermal comfort. PV coupled with DV and UFAD 
improves inhaled air quality more than PV coupled with MV. It was also found 
that the cooling of occupants with PV is rather independent of the room air 
distribution generated by a TV ventilation system. The PV ATDs tested were 
RMP and VDG, more types of PV terminal device could be tested in further 
study, and numerical methods could be implemented to predict the 
performance of combined systems.  
 
Halvoňová et al. (2010a; 2010b; 2010c) studied the performance of the novel 
“ductless” PV in conjunction with DV. The idea behind “ductless” PV was to 
utilize clean and cool air supplied via DV. The “ductless” PV installed at each 
desk consisted of an ATD mounted on a movable arm and a small axial fan 
incorporated in a short duct system. The treated outdoor air supplied to the 
room near the floor by the DV spread in a relatively thin layer over the floor. 
The “ductless” PV sucked the clean air direct from this layer at the locations 
of the desks and transported it to the breathing zone of the manikins. The ATD 
used during the experiments was round movable panel (RMP). The movable 
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arm, to which the RMP was attached, allowed for free positioning of the RMP. 
 
Halvoňová et al. (2010a) studied the impact of disturbances due to walking 
person(s) on the performance of the novel “ductless” PV in conjunction with 
DV. An office room with two workstations was arranged in a full-scale test 
room. Two thermal manikins were used as sedentary occupants at the 
workstations. Two pollution sources, namely exhaled air by one of the 
manikins and passive pollution on the table in front of the same manikin were 
simulated. The performance of the ventilation systems was evaluated by the 
quality of inhaled air and thermal comfort of the seated “occupants”. The 
walking person(s) caused mixing of the clean and cool air near the floor with 
the polluted and warmer air at higher levels and disturbed the displacement 
principle which resulted in a decrease of the inhaled air quality. The 
performance of the “ductless” PV under the tested conditions was better as 
opposed to DV alone. In all studied cases the inhaled air temperature with the 
“ductless” PV remained 2.9-4.5℃ lower than with DV used alone. Thus in 
practice the “ductless” PV was superior to DV alone in the aspect of perceived 
quality of inhaled air. The location of a walking person was found to be 
important. Person(s) walking close to the displacement diffuser can cause 
greater disturbance.  
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Halvoňová et al. (2010b) studied the importance of the intake positioning 
height above the floor level on the performance of “ductless” PV in 
conjunction with DV with regard to the quality of inhaled air and of the 
thermal comfort provided. A typical office room with two workstations 
positioned one behind the other was arranged in a full-scale room. Each 
workstation consisted of a table with an installed “ductless” PV system, PC, 
desk lamp and seated breathing thermal manikin. The “ductless” PV system 
sucked the clean and cool displacement air supplied over the floor at four 
different heights, i.e. 2, 5, 10 and 20 cm and transported it directly to the 
breathing level. Moreover, two displacement airflow rates were used with an 
adjusted supply temperature in order to maintain an exhaust air temperature of 
26℃. Two pollution sources, namely air exhaled by one of the manikins and 
passive pollution on the table in front of the same manikin were simulated by 
constant dosing of tracer gases. The results showed that the positioning of a 
“ductless” PV intake height up to 0.2 m above the floor did not significantly 
influence the quality of inhaled air and thermal comfort. In all studied cases 
the inhaled air temperature with the “ductless” PV remained 4.9-8℃ lower 
than with DV alone. 
 
Halvoňová et al. (2010c) studied the impact of workstations layout and 
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partitions on the performance of the “ductless” PV in full-scale room 
experiments in conjunction with DV. The performance of the “ductless” PV 
system was evaluated under various arrangements of two identical workstations. 
Two breathing thermal manikins were used to simulate seated occupants. Two 
tracer gases, one mixed with the air exhaled by one of the manikins and the 
other generated on the table in front of the same manikin, were used to simulate 
pollution. When the “ductless” PV system was operational, the inhaled air was 
as clean as the air inhaled using only the DV alone and even cleaner for some of 
the layouts studied. The use of “ductless” PV in conjunction with DV 
substantially decreased the temperature of the inhaled air and increased the 
body cooling in comparison with use of DV alone. “Ductless” PV also had 
potential for improving occupants' PAQ and thermal comfort. 
 
2.4 Thermal manikin 
In the earlier study of indoor environment involving human occupants, human 
body is often simulated by a cylinder with heat source in it. And in CFD 
simulation study of this kind, human body are simplified as a composition of 
simple geometric bodies. This approach would be efficient to study the global 
air flow and environment, but would not be accurate when the environment 
around the human body is of interest, which is the case especially when PV is 
studied. Therefore, thermal manikin was developed to simulate human body in 
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more detail and computational thermal manikin derived from the real thermal 
manikin was also developed to for study using numerical methods. The study 
involving thermal manikin is reviewed in this section. 
 
Niu et al. (2007) evaluated a chair-based PV system which potentially was 
applied in theatres, cinemas, lecture halls, aircrafts, and even offices. Air 
quality, thermal comfort, and the human response to this ventilation method 
were investigated by experiments. By comparing eight different ATDs, it was 
found that inhaled air contained as much as 80% of fresh personalized air 
when the supply flow rate of less than 3.0 l/s was used. PAQ improved greatly 
by serving cool air directly to the breathing zone. Feelings of irritation and 
local drafts could be eliminated by proper designs. Personalized air at a 
temperature below that of room air was able to bring “a cool head” and 
increased thermal comfort in comparison with MV.  
 
Faulkner et al. (1999) investigated two TAC systems with heated thermal 
manikins seated at desks through laboratory experiments. The personalized air 
was supplied from desk-mounted air outlets directly to the breathing zone of 
the thermal manikins. Air change effectiveness was measured with a tracer gas 
step-up procedure. High values of air change effectiveness (׽1.3 to 1.9) and 
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high values of pollutant removal efficiency (׽1.2 to 1.6) were measured when 
these task conditioning systems supplied 100% outdoor air at a flow rate of 7 to 
9 Ls-1 per occupant. Air change effectiveness was reasonably well correlated 
with the pollutant removal efficiency. Overall, the experimental data suggest 
that these TAC systems can be used to improve ventilation and air quality or to 
save energy while maintaining a typical level of IAQ at the breathing zone. 
 
Bolashikov et al. (2009) developed methods for control of the free convection 
flow around the human body. The objective was to improve the quality of the 
inhaled air for occupants at workstations with PV. Two methods of control were 
developed and explored: passive control, which meant to block the free 
convection development by modifications in desk design, and active control, 
which meant by local suction below the desk. The effectiveness of the two 
methods for enhancing the performance of PV was studied when applied 
separately and combined, and was compared with the reference case of PV 
alone. The experiments were performed in a full-scale test room with 
background MV. A thermal manikin with realistic free convection flow was 
used. The PV supplied air from front/ above towards the face. All measurements 
were performed under isothermal conditions at 20℃ and 26℃. The air in the 
test room was mixed with tracer gas, while personalized air was free of it. 
34 
 
Tracer gas concentration measurements were used to identify the effect of 
controlling the free convection flow on inhaled air quality. The use of both 
methods improved the performance of PV and made it possible to provide more 
than 90% of clean air for inhalation at a substantially reduced PV supply flow 
rate. 
 
Zeng and Zhao (2005) studied the relationship between PAQ and the 
characteristics of the air jet from a movable outlet of a PV system using a 
thermal manikin with breathing function in a climate chamber. The personal 
exposure effectiveness was based on concentrations of tracer gas in the 
chamber and in the manikin nose. Results indicated that the personal exposure 
effectiveness was affected more by the distance between the movable outlet 
and the occupant’s breathing zone than by the personalized airflow rate and 
did not change much for the personalized airflow rate higher than 10 L/s when 
the distance is fixed. 
 
Nielsen (2007) described an investigation made in a room ventilated by an air 
distribution system based on a textile terminal. The air distribution in the room 
was mainly controlled by buoyancy forces from the heat sources, although the 
flow from the textile terminal could be characterized as a displacement flow 
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with a downward direction in areas of the room where no thermal load was 
present. The system was extended by a PV system to study the improved 
protection of people in a room. The investigation involved full-scale 
experiments with two breathing thermal manikins. One manikin was the source 
and the other was the target. In general it was found that when the air was 
supplied from the textile terminal alone, the flow in the room was fully mixed 
with limited protection of the occupants. Selected locations of supply, return, 
and heat sources could produce a displacement flow in the room with increased 
protection of the occupants. It was shown that PV improved the protection of 
occupants by increasing the personal exposure index. 
 
Yang and Sekhar (2007) studied a new approach supplying fresh air directly by 
utilizing high velocity circular air jet without mixing with recirculated air. 
Objective measurements and CFD tool were used to evaluate corresponding 
indoor parameters to verify that it could both supply fresh air into occupied 
zone effectively and avoid draught rating. It was found that the measured air 
velocities were within the limits (0.25 m/s) of thermal comfort standards, 
although they were close to the limits. Higher air change rate could be obtained 
in breathing zone than that in ambient air in the background area. The predicted 
results showed unique distributions of airflow characteristics and were in fair 
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agreement with empirical measurements. Different angles of re-circulated air 
diffuser blades, different lengths and directions of protruding fresh air jets and 
different inlet velocities of fresh air were adopted for comparing the 
effectiveness and efficiency of this new ventilation strategy numerically. 
 
Tham and Pantelic (2010) examined the performance of a coupled system of 
desktop PV ATD and desk mounted fans (DMF) in a field environmental 
chamber. Cooling effect was evaluated using manikin-based ET of each of the 
26 body segments of a breathing thermal manikin (BTM) and personal 
exposure effectiveness was used as an indicator for effectiveness of ventilation. 
CFD was used to examine the velocity field generated around BTM to provide 
better understanding of the relationship between air patterns generated and 
convective cooling effect on each of the body segments. Four different 
positions of desktop PV ATD were examined. Measurements were conducted 
at ambient temperature of 26 ℃ and PV air temperature of 23 ℃ at a flow 
rate of 10 L/s. The results indicated that coupling of desktop PV ATD and 
DMF distributes cooling more uniformly across BTM surfaces and therefore 
had the potential to reduce risk of draft discomfort as compared to usage of 




Gao and Niu (2004) studied the micro-environment around human body with 
and without PV system using a seated computational thermal manikin with 
geometry of a real human. Two novel evaluation indices, pollutant exposure 
reduction and personalized air utilization efficiency, were introduced. In the 
range of the personalized airflow rate from 0.0 to 3.0 l/s, the best inhaled air 
quality, where maximum PER was 74%, was achieved at the airflow rate of 
0.8 l/s in the numerical simulation, whereas in the experiments this occurred at 
the maximum flow rate 3.0 l/s. 
 
2.5 Indoor contaminants 
 
This study would focus on the transportation of gaseous contaminants in the 
systems studied; therefore the knowledge of indoor gaseous pollutants is 
reviewed here. Primary gaseous pollutants mainly include CO, CO2, SO2, NOX, 
O3, Radon and VOCs. Chemical based materials have widely been used 
indoors recently. They can release many kinds of chemical pollutants at room 
temperature, and VOCs are the main composition of these chemical pollutants. 
VOCs can bring about many symptoms, such as headache; eye, nose, and 
throat irritations; dry cough; dizziness and nausea; tiredness. VOCs also have 
bad effects on respiration systems, blood vessel systems, and nerve systems. 
Moreover, VOCs may be carcinogenic (Huang and Haghighat, 2002). The 
physical and chemical characteristics of VOCs attract many researchers, and 
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become a research topic. 
 
Indoor pollution sources of VOCs mainly include building materials, 
decorating materials, and articles used indoors. Among them building 
materials and decorating materials are the main pollution sources of VOCs 
(Cox et al., 2002). They mainly include carpet, man-made board, fine board, 
agglutination board, composite floor, cork, paint, adiabatic layer, and heat 
pipeline. Paint is usually used to protect or beautify decorating materials and 
furniture, but VOCs emitted by paint affect IAQ more seriously.  
 
The mixing of pollutants in indoor environments can be transformed as a 
consequence of chemical reaction. Reaction between ozone and some 
unsaturated hydrocarbons is an important source of indoor secondary 
pollutants which mainly include free radicals, aldehydes, ketones, alcohols, 
carboxylic acids, and fine particulate matter (Sarwar et al., 2003). Secondary 
pollutants may be more irritating than the original reactants (Wainman et al., 
2002; Rohr et al., 2003).  
 
Indoor secondary pollutants have significant impact on comfort and human 
health, but the degree of impact and the frequency of occurrence are uncertain 
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at present. In addition, many secondary pollutants cannot be measured because 
of the complexity of composition, and it is necessary to improve the 
technology of measurement. 
 
2.6 Numerical study 
 
Gao and Niu (2004) performed CFD study on micro-environment around 
human body and personalized ventilation. A seated CTM with the geometry of 
a real human body is applied. The micro-environment around human body is 
simulated using standard k-ε model. The performance of a microphone-like 
PV ATD is tested in regard to inhaled air quality, inhaled air temperature and 
efficiency of PV system. 
 
Murakami et al. (1995, 1997 and 1998) used low Reynolds number k-ε model 
to simulate air flow field and convective heat transfer from a standing human 
body with simplified geometry in stagnant flow and horizontal uniform flow. 
The thermal boundary layer around the manikin surface in still air was about 5 
cm thick at the feet level and 19 cm around the neck. The maximum air 
velocity of the thermal plume above the head was 0.26 m/s. The mean 
convective heat transfer coefficient was 3.9 W/m2/K. The simulation results 
were in line with the relative experiment. 
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Murakami et al. (2000) simulated the mass and heat transfer from human body 
to the surroundings with the same CTM. The two-node thermoregulation 
model was incorporated into the simulation, which was called combined 
simulation by the authors. In the simulation of human body in stagnant flow 
field, total metabolic heat production (100.4 W/m2) was released to the 
surrounding environment by convection (29.14 W/m2), radiation (38.34 W/m2), 
respiration (8.74 W/m2), and evaporation (24.34 W/m2). 
 
Sørensen and Voigt (2003) simulated the radiative and convective heat transfer 
around a seated human body. The CTM was of accurate presentation of real 
human body by using laser scanning technique. The mean heat transfer 
coefficient was 4.83 W/(m2K) for radiation and 3.13 W/(m2K) for convection. 
The air flow field and convective heat transfer around a seated human body 
with and without PV are simulated. The inhaled air quality improvement under 
different personalized air flow rate is studied. The respiration process is 
simplified to a steady inhalation process. The influence of other variables, 
such as fresh air temperature, direction, geometry of ATDs, will be 
numerically studied later. 
 
Previous CFD studies (Zhang et al. 2005c; Xing et al. 2001) showed that 
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displacement ventilation (DV) system better removes indoor gas contaminants 
as compared to other ventilation systems. As particulate matter often behaves 
quite differently from gas phase pollutants, both indoor airflow pattern and 
particle source location have considerable effects on particle dispersion and 
deposition (Zhong et al. 2009; Zhao et al., 2004). Zhong et al. (2009) 
examined the effect of source location on particle dispersion in displacement 
ventilation rooms. It was found that the concentration of particles in ventilated 
areas is strongly influenced by aerosol source locations in a DV room. Particle 
sources located within the lower height level led to desirable vertical 
concentration stratification. For exhaled particles source, there exists a less 
polluted occupied zone in DV rooms. High ventilation efficiency alone cannot 
guarantee clean air in occupied zone for particle contamination in a DV room, 
and indoor air quality depends strongly on particle deposition rate on indoor 
surfaces, especially the floor and the ceiling of the room. It is also of interest 
to explore whether the DV system is the most efficient for particle removal. 
 
2.7 Knowledge Gap and Research hypothesis 
 
From the review on relevant literature, it could be seen that little research has 
been done to study the combined system of PV and DV. These studies on PV 
mostly employ mixing ventilation as the background total-volume ventilation 
principles. The study of PV coupled with DV by Cermak (2004) studied two 
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PV air terminal devices, leaving more terminal devices to be tested. The 
former study on PV coupled with DV did not fully study the impact of 
different PV supply air temperature. Ductless PV in combination with DV is 
researched by some researchers, but this area needs much more further 
exploration, and this method may not protect occupants fully when the 
pollutant concentration is high near the floor. Meanwhile, no study has used 
CFD methods to study the PV and DV combined systems. In addition, limited 
research has focused on the transportation of particle pollutants in the PV and 
DV combined systems. 
 
In the light of this knowledge gap, the proposed study would focus on another 
air terminal device put on desktop (DATD) besides the round movable panel 
(RMP) using experimental and numerical approaches. More combination of 
PV supply air temperature and air flow rate would be investigated using CFD 
modeling. The transportation of gaseous pollutants and the local thermal 
environment would be studied in the combined system. 
 
The hypotheses of this study are as follows: 
1. PV system coupled with DV system can remove gaseous pollutants more 
effectively from the breathing zone when the pollutant source is either on the 
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table or on the floor.  
2. PV system coupled with DV system can provide better thermal comfort to 
occupants. 
3. When the pollutant source is on the table, RMP may have better 
performance than DATD on inhaled air quality when they are coupled with 
DV system. 
4. The PV air flows may affect the indoor air quality of air in the room 
ambient. 
5. The supply air temperature and flow rate of PV may affect the local flow 
around the occupant and hence affect the local air quality. 
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Chapter 3:  Research Methodology 
This study was carried out in two stages. In the first stage, an experimental 
study was carried out to explore how the use of different PV ATDs would 
affect pollutant transportation characteristics and thermal environment around 
the manikin and in the room with two different DV supply air temperatures. In 
the second stage CFD modeling is used, and the objective data from the 
experiments would be used to validate the CFD models. The CFD models 
would be used to test other combinations of PV supply air temperatures and 
air flow rates and investigate their impact on local air quality and thermal 
environment.  
 
3.1 Experimental design 
3.1.1 Air movement chamber  
The objective experimental study was carried out in the IAQ laboratory at the 
School of Design and Environment, National University of Singapore. The 
indoor environmental chamber, 6.6 m (L) × 3.7 m (W) × 2.7 m (H), is situated 
in the laboratory measuring 9.6 m (L) × 7 m (W) × 2.7 m (H) in size and 
enclosed by a 25 m2 annular spaces called the control room to minimize the 
external environmental interferences, as shown in Figure 3.1. The chamber is 
equipped with two fixed glass windows, 1.5 m (W) × 1.2 m (H), on a longer 
45 
 
one of its walls. The DV system is capable of controlling the supply air 
temperature and airflow rate in the chamber by adjusting the off-coil 
temperature and fan speed using the computer control system in the control 
room to achieve the desired room conditions for each experiment. 
 
Figure 3.1 The layout of the whole laboratory 
 
Figure 3.2 describes the layout of the chamber. Air is supplied from two 
floor-standing, semi-circular units at two symmetrical side walls of the 
chamber and extracted from two ceiling return grilles at the cross corners of 
ceiling. 
 




The furniture in the chamber was set up to simulate a typical office 
environment. There are two tables in the chamber. One is in the middle of the 
room with a chair, a thermal manikin in front and a laptop on it. The other is to 
the left of the first table and is merely used to house the measuring instruments. 
This table and the instrumentation are not included in the CFD simulation, 
because they are assumed to have little influence over the microenvironment 
around the manikin. The room is illuminated by 6 sets of twin double-batten 
fluorescent lights, with the power consumption of each fluorescent lamp of 
36W. In experiments only the two lamps in the middle are turned on. The 
cooling loads in each of the experiments, as shown in Table 3.1, were kept 
constant. 
 
3.1.2 Ventilation systems 
The environmental chamber could be ventilated by DV, MV or PV systems. 
The systems employed during the course of the experiments are DV and PV 
systems. The supply air temperature and airflow rates of these ventilation 
systems are controlled by a central control system. DV air supply rate is kept 
at 60 l/s and PV air supply rate was kept at 5 l/s during all experiments. The 




Figure 3.3 PV and DV air terminal devices 
 
3.1.3 Pollution source 
A 280mm (L) × 200mm (W) × 20mm (H) slim rectangular container was used 
as a mock-up for a plane source. Figure 3.4 shows the coiled tracer-gas supply 
tube with pinholes and placed within the plastic container. Tracer gas enters 
the coiled tube and escape through the perforated tubing into the plastic 
container. To evenly distribute the tracer gas emission from the plastic 
container, the top surface of the plastic container was punctured with array of 
pinholes at equal grid size. This arrangement would allow tracer gas to escape 




Figure 3.4 The mock-up of panel pollutant source 
 
 
Figure 3.5 The installation of tracer gas channel 
 
A set-up of SF6 gas cylinder with some pipe connections and a mass flow 
controller are used to supply tracer-gas into the mock-up panel pollutant 
source as shown in Figure 3.5. The mock-up plane source is put inside the 
chamber, while the gas cylinder and mass flow controller are placed in the 
control room as the injection tube enters the environmental chamber through a 
hole on the chamber wall. 
 
3.1.4 Heat sources 
The heat sources mainly include lighting lamps, a laptop, a desktop PC, and 
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the thermal manikin. The details are listed below in Table 3.1. 
Table 3.1 Cooling loads in the chamber 











3.1.5 Measuring instruments 
Thermal manikin 
A thermal manikin is used to simulate a typical female with 1.68m standing 
height. The manikin is put at a seated position and the hands are placed on the 
table in front of the manikin. The breathing thermal manikin is divided into 26 
thermal segments that can be independently controlled and measured. 
 
Figure 3.6 Thermal manikin 
 
The manikin is controlled by software that has four control modes, namely 
only measuring the surface temperature of the body segments-no heat, 
constant fixed surface temperature, constant heat flux from each body segment 
and the comfort mode that heat loss from manikin’s body following Fanger’s 
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comfort equation (Fanger 1972). The comfort mode is adopted in this study. In 
this mode, the surface temperatures of different body segments of the thermal 
manikin can be adjusted to adapt to the environment according to Equation 3-1. 
Thus the manikin is thermally neutral state. 
Teq = 36.4 – C × Qt                             (3-1) 
Where, 
Teq - Manikin-based equivalent temperature [°C]; 
Qt - Rate of heat loss [W/m2]; 
36.4 - Deep body temperature [°C]; and 
C - A constant depending on clothing, posture, chamber characteristics, etc 
[m2·°C/W]. 
 
The calibration of Teq was performed in another environment chamber where 
the manikin was dressed and positioned as it was during the experiments. The 
manikin was exposed to several equivalent temperatures with no obvious 
vertical temperature difference (Yu, 2005). Air temperatures and velocities 
were measured at 0.1, 0.6, 0.8 and 1.1 m height. Air movement was almost 
still during the calibrations with the mean air velocities at the four heights was 
less than 0.1 m/s. Homogeneous conditions was achieved when the air 
temperature was equal to the mean radiant temperature, air temperature 
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gradients and radiant temperature asymmetry in all three directions were 
negligible, air was still (natural convection only) and the air humidity was 
constant. 
 
Under this condition, Teq was equal to the air temperature. After steady 
conditions had been reached at the equivalent temperatures, the heat loss from 
each body segment was recorded and the values obtained were used to derive 
a linear function for each body segment: 
Teq = A – B × Qt                                (3-2) 
Where, A, B are constants, with the dimensions ºC and K·m2/W, respectively.  
 
In the pollutant transportation study, the breathing mode was switched on. 
Thus the artificial lung equipped for the manikin was used to simulate the 
breathing of occupies. The lung system which was placed outside the body of 
manikin was connected via flexible tubing to deliver and retrieve the 
respiration air in a closed circuit. The breathing cycle (inhalation, exhalation 
and pause) and the amount of respiration air as well as the temperature and 
humidity of the exhaled air could be controlled. 
 
In this study, the lung was adjusted to simulate the breathing of an average 
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sedentary person performing light physical activities. The breathing cycle 
during the experiments consisted of 2s inhalation, 2s exhalation and 1s pause. 
The breathing frequency was approximately 12 breaths per minute and the 
pulmonary ventilation was 6 L/min, or 0.5 L per breath. The instantaneous was 
calculated at 0.5 L / 2 s = 0.25 L/s = 15 L/min. 
 
The exhaled air was not humidified in this study, but was heated to a density 
close to 1.144 kg/m3 which is believed to be similar to the exhaled air from a 
human subject based on the assumption on the exhaled air properties. Höppe 
(1981) assumed that the exhaled air consisted of 78.1 vol.% N2, 17.3 vol.% O2, 
3.6 vol.% CO2 and 0.9 vol.% of air, provided the exhaled air temperature was 
approximately 34 °C when the room air temperature was between 20 °C and 
26 °C, and the relative humidity was close to 95%.  
 
HOBO data logger H08 and Vaisala HM 34 
HOBO meter are used to measure the ambient air temperature and humidity. 
Figure 3.7 shows the HOBO H08 loggers that were applied to measure the 
temperature and RH in the chamber. The loggers were cross-checked against 
the Vaisala HM 34 Humidity and Temperature Meter as shown in Figure 3.7, 
before they were used for the experiments. The measuring data was collected 
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using the software BoxCar® 3.9. Accuracy of the temperature measured by 
the loggers is within ±5%. 
 
Figure 3.7 HOBO data logger H08 (left) and Vaisala HM 34Humidity and 
Temperature Meter (right) 
 
 
Omni-directional thermo anemometer system HT-400 
Omni-directional Thermo Anemometer System HT-400, as shown in Figure 
3.8, is used to measure the air velocity and temperature in the control chamber. 
The transducers are put at different locations in the chamber. They were 
cross-checked against the Vaisala Humidity and Temperature Meter before the 
experiments as well. The data was logged and stored in the computer. The 
accuracy of temperature measured by Omni-directional Thermo Anemometers 




Figure 3.8 The connection of anemometers to computer (left), and the set-up 
of anemometers (right). 
 
Innova gas sampler and monitor 
A multi-gas monitor (Brüel & Kjær, Innova AirTech Instruments 1312) was 
used to measure concentration of SF6 tracer gas. The SF6 tracer gas is used to 
simulate pollutant in this study, and its concentration was measured 
continuously based on the photo-acoustic infrared principle. The analyzer was 
calibrated for the gas in a certified laboratory prior to the experiments. 
 
Figure 3.9 The INNOVA gas analyzer and the processing computer 
 
The air from the sampling points was collected by the multipoint sampler 
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(Brüel & Kjær, Type 1303) through tubes as shown in Figure 3.9. These air 
samples were delivered to the Multi-gas monitor for analysis. An Innova 
AirTech instruments application software Type 7300 was used to control all of 
the sampling and monitoring functions remotely. The data was also recorded 
in this software. 
 
Thermocouples 
Type T thermocouples were employed to measure the internal and external 
surface temperatures of the walls, as well as the surface temperatures of the 
ceiling and the floor, as shown in Figure 3.10. The data were collected by a 
multi-meter / switch data logger. The temperature of supply air in DV and PV 
diffusers are also measured and monitored with thermocouples. These 
thermocouples are validated with well-mixed ice-water before the experiment. 
 
Figure 3.10 Setup of thermocouples on the floor and wall 
 
3.1.6 Measuring locations 
The measured parameters include temperature, humidity, air velocity, and 
tracer gas concentration. The measured objects include the air near the thermal 
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manikin, the wall, the floor and the ceiling, the supply air of DV and PV, the 
exhaust air and the air in the ambient. 
 
Figure 3.11 Measuring locations. (+ denotes locations for air velocity and 
temperature; × denotes locations for SF6 concentration; # denotes locations 
for air temperature measured with thermo-couples) 
 
The temperatures of the wall inner surface, the ceiling and the floor are 
measured by thermo-couples located on the surface of the floor. The 
temperatures of supply air from DV and PV are also measured before it is 
supplied from the outlet (denoted by # in Figure 3.11). The temperatures of 
ambient air are measured along a vertical line. The air around and above the 
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seated manikin and the exhaust air are also measured (denoted by + in Figure 
3.11). 
 
Air velocities are measured along a vertical line in the ambient and also along 
a vertical line near manikin. The air velocities of exhaust air are also measured 
near the return grilles (denoted by + in Figure 3.11). 
 
As denoted by ‘×’ in Figure 3.11, SF6 concentration is measured near the 
manikin, at the supply air and at the exhaust air. Locations near manikin 
include one near nose, one at the left of manikin head, one at the back of 
manikin head and one at the right of manikin head, another three at the height 
of 0.7m, 1.6m and 2m respectively. The other locations include one outside 
one of the two DV diffusers and one each near the two exhaust grills.  
 
Relative humidity is measured in the ambient air at a height of 1.5m and also a 
point near the PV air. The relative humidity during the experiments is in the 
range of 50% to 80%.  
 
 
3.1.7 Experimental scenarios 
The controlled variables in experiments include: temperature of DV, 
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temperature of PV and location of plane pollutant source. Supply airflow rate 
and temperature of PV are not changed in the experiments, but different 
airflow rates and temperatures of PV are investigated in the CFD study. 
 
The temperatures of DV used in experiments are 23±0.5℃and 26±0.5℃. The 
temperatures of PV used in experiments are 22±0.5℃. The plane source was 
placed on the table in some cases and on the floor at 1 m to the right of the 
manikin in the other cases. However, not all combinations of these different 
conditions are tested. As shown in Table 3.2, there are 9 cases which have 
been tested in the experimental study. CFD simulations are employed to 
further explore the effect of the controlled variables. 
Table 3.2 Measurement scenarios 
Case 1 2 3 4 5 6 7 8 9 
DV Temp (˚C) 26 23 26 23 23 23 23 26 23 
PV temp (˚C) - - 22 22 22 - 22 22 22 
PV type - - DATD DATD DATD  RMP RMP RMP 
Source  Table Table Table Table Floor Floor Floor Table Floor 
 
3.2 Procedure of Data collection 
Recording of measurement data starts 30 minutes after the displacement 
ventilation, personalized ventilation and the injection of pollutants starts in 
each case. 
The data of the objective measurements were logged simultaneously during 
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each experiment. The logging intervals of various parameters are stated as 
follow: 
1) Temperature: 
a. Hobo meters: 2 minutes 
b. Omni-directional thermo anemometer system HT-400: 6 seconds 
2) Relative humidity: 2 minutes 
3) Air velocity: 6 seconds 
The following parameters were kept constant during each experiment: 
a) Position of the temperature and relative humidity measuring points 
b) Location of the air diffusers and return grilles 
c) DV Supply air flow rate, 30 l/s for each circular diffuser 
d) PV supply air flow rate, 5 l/s 
e) Cooling loads in the chamber 
3.3 Method of data analysis 
A pollutant exposure index was defined to describe the pollutant concentration 
in measurement locations regardless of the concentration at the source, which 
is: 
Pollutant Exposure Index = (C-Cs)/(Cp-Cs) 
C – Pollutant concentration at the measured location (ppm) 
Cs – Pollutant concentration at the supply air (ppm) 




It can be seen from the formula that PEI increases as the measured pollutant 
concentration increases. PEI is 1 when the measured location is on the surface 
of the pollutant source, and PEI is 0 when the measured location is at the 
supply air. PEI could be used to evaluate how much the measured location is 
affected by the pollutant source. 
3.4 Uncertainty of measurement 
The uncertainty of parameters measured in this study is identified in Table 3.3. 
Table 3.3 Uncertainty of measurement 
Parameter Instrument Accuracy 
Supply air temperature, 
return air temperature, 
wall surface temperature, 
ceiling surface 
temperature, floor surface 
temperature, (°C) 




Room air temperature (Tr) HOBO data logger H08 ±5% 
Air temperature in the 







±1% of readings 
Relative humidity in the 
chamber, (%) 
HOBO data logger H08 ±5% 
Draught risk in the region 
around the breathing 





±1% of readings 
Turbulence intensity in the 











3.5 CFD models 
Computational Fluid Dynamics (CFD) modeling was employed to further 
study the performance of the coupled DV-PV system. The main focus of the 
CFD study is to assess the effect of the PV air flow rate and supply air 
temperature on the performance of the coupled system. Meanwhile, the results 
from CFD study could provide more information on the system and better 
visualization than the experimental study, such as the tracking of the path lines 
of PV air and pollutant. The CFD results are able to visually display the air 
and pollutant transportation in the room. 
 
3.5.1 The geometrical model 
Figure 3.12 shows the simplified model of the studied chamber. The manikin, 
the desk, the laptop, the DV supply terminals and exhausts, the lamps, the 
RMP and the DATDs are built into the model with Gambit 2.4. The numerical 
objects are kept as the same compared to the chamber in the experimental 
study. The geometry of the manikin model is roughly the same with the real 
manikin, with more than 1000 faces on its surface, and it is also in seating 
position. The numerical description of RMP, DV supply terminals and DATDs 
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included to avoid the difficulty to describe them numerically; correspondingly, 
hair is not on in the experiments, while clothes are still on. These numerical 
faces shown in Figure 3.12 are finer at special segments, such as faces, hands, 
feet, and coarser at some plane segments like the back and abdomen. The total 
number of faces of the numerical manikin is about 1300 and the total surface 
area is 1.57 m2. These faces are set as wall boundaries and divided into groups. 
One group represents a body segment and the temperature of each group is set 
according to the corresponding experimental data. 
 
The numerical manikin is placed in front of a table in the middle of the 
displacement ventilated room. The chair is omitted for simplicity. As shown in 
Figure 3.12, the RMP terminal is above and in front of the manikin head and 
the DATDs are two small cylinders beside the manikin hands. A laptop is on 
the table and beneath manikin hands, as the same as in the experiments. The 
other objects, including the table used to put equipment on, the equipments 
supporting the manikin system, the PV pipes and the legs of tables, are not 
included into the CFD study. 
 
3.5.2 The turbulence model 
The CFD simulation of buoyancy-driven displacement ventilation has always 
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been difficult because of the flow complexity and un-stability, and it is more 
challenging in this study due to the geometrical complexity of the manikin. 
Therefore, special care should be taken to select the appropriate turbulence 
method and the discretization methods and to build satisfactory grids. Many 
turbulence models have been developed in previous researches, and the most 
popular ones of them are included in the commercial CFD software FLUENT 
6.3, which is selected as the simulation platform for this study. 
 
The airflow around human body is not fully developed turbulent flow in the 
transition regime, and the laminar to turbulent flow characteristics are very 
complicated. Thus it is crucial to choose a simulation method that can 
accurately capture the features of the local turbulent flow. Generally, through 
three approaches are turbulent flow predicted: Direct Numerical Simulation 
(DNS), Large Eddy Simulation (LES) and Reynolds-Averaged Navier-Stokes 
(RANS) equation simulation with turbulence models. They have a lot of 
difference in terms of theoretical ideas, computational cost, accuracy and area 
of application. 
 
DNS computes a turbulent flow by directly solving the highly reliable 
Navier-Stokes equation without approximations. DNS resolves the whole 
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range of spatial and temporal scales of the turbulence, from the smallest 
dissipative scales (Kolmogorov scales) to the integral scale. As a result, DNS 
requires a very fine grid resolution to capture the smallest eddies in the 
turbulent flow. In addition, the DNS method requires very small time steps, 
which makes the simulation extremely long. Neither existing nor near-future 
personal computers can meet the needs so that application of DNS for indoor 
flows is not feasible now or in the near future. 
 
The theoretical basis of the LES method is the fact that large eddies of 
turbulent flows depend on the geometry while the smaller scales are more 
universal (Kolmogorov 1941) and the hypothesis that the turbulent motion 
could be separated into large-eddies and small-eddies such that the separation 
between the two does not have a significant impact on the large-eddies 
Deardorff (1970). LES is precise in predicting a lot of turbulence flows, but 
the computing cost is still remarkable given the fast development of computer 
capacity and speed. 
  
The RANS approach calculates statistically averaged (Reynolds-averaged) 
variables for both steady-state and dynamic flows and simulates turbulence 
fluctuation effect on the mean airflow by using different turbulence models. 
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Despite the challenges associated with turbulence modeling, the RANS 
approach has become very popular in modeling airflows in enclosed 
environments due to its significantly small requirements on computer 
resources and user skills.  
 
Therefore, this study uses RANS approach to simulate the indoor 
buoyancy-driven air flows in the studied room ventilated with the combined 
system. The performance of turbulence models is different when applied in 
different cases. The RANS models are divided in two groups: RANS 
Eddy-Viscosity models and RANS Reynolds Stress models. The former 
include zero-equation models, one-equation models, two-equation models 
such as k-ε models and k-ω models, and multi-equation models. The k-ε 
models are very popular, and most popular among them are the standard k-ε 
model, the RNG k-ε model and the Realizable k-ε model. Cook and Lomas 
(1998) found that RNG k-ε model could better predict buoyancy-driven flows 
than standard k- ε model after applying them in 2-D simulation displacement 
ventilation. Zhang (2007) tested some RANS turbulence models tested 
including the indoor zero-equation model, three two-equation models (the 
RNG k-ε, low Reynolds number k-ε, and SST k-ω models), a three-equation 
model (v2-f model), and a Reynolds stress model (RSM) with cases 
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respectively about: natural ventilation in a tall cavity; forced convection in 
room; mixed convection in a square cavity; and strong natural convection in a 
model fire room. It was found that generally the RNG k-ε model and the v2-f 
model have better performance. Based on these researches and the author’s 
own experience, RNG k-ε model is expected to have good performance and 
thus used in this study. The parameters for the RNG k-ε model are used as the 
default values in FLUENT 6.3. 
 
3.5.3 Boundary conditions 
The boundary condition is another important factor deciding the success of a 
CFD simulation. The right setting of boundary conditions is crucial in two 
ways, i.e., it may affect convergence and it may affect the correctness of 
results. The boundaries involved in this study include three types: wall 
boundary, mass flow inlet and pressure outlet. The surfaces of manikin body 
segments, the room wall, ceiling and floor, the table and laptop surfaces, and 
the lamps are all set as wall boundaries. The DV and PV terminals are set as 
mass flow inlets and the exhaust grilles are taken as pressure outlet. The 
details of wall boundary parameters of the surfaces of manikin body are listed 




Table 3.4 Boundary conditions of manikin surface 
Segments DV 23 (K) DV 23 
DATD (K)
DV 23 RMP 
(K) 
left foot  306.8 306.8 306.8
right foot 307 307 306.9
left low leg 306.9 307 306.9
right low leg 307.1 307.1 307.1
Scull 305.7 304.7 305.1
left face 305.7 303.4 303.9
right face 305.1 303.2 303.7
back of neck 305.6 304.9 304.4
left hand  305.1 305.1 305
right hand 305.6 305.3 305.4
others 307.1 306.4 306.5
 
Another important issue is the boundary conditions of the ventilation openings. 
It is necessary to specify the velocity components, fluid temperature, 
concentration level and the turbulence quantities at the air openings. The 
turbulence kinetics could be calculated from the velocity and the turbulence 
intensity. The dissipation rate at the supply openings may be calculated from 
the turbulence kinetics and the turbulence length scale specified. The 
parameters specified at a supply opening have a great influence on the 
environment parameters in the simulation of displacement ventilated rooms 
(Cehlin and Moshfegh 2010). Air diffusers are often complex in terms of 
geometry and design, including dampers, curved surfaces, perforated plates, 
guided rails and other components. The three kinds of supply air diffusers 
involved in this study are all perforated openings, whose cut view is shown in 
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Figure 3.13. It is difficult to set the correct mass flow and momentum at the 
same time without bringing complexity into modeling. All solutions that have 
been proposed to model a complex diffuser with correct mass and momentum 
flow into the room are compromises. Most frequently used techniques include: 
the basic method, the momentum method, the box method and the prescribed 
velocity method.  
 
The basic method is simple and it keeps the original effective opening area but 
it changes the opening shape, sometimes to a large extent. This simplification 
sometimes works well but often produces insufficient predictions when the 
opening is complicated. In the momentum method, mass flow rate and 
momentum parameters are set separately; therefore it keeps the original 
opening shape. The use of momentum method in CFD software is often not so 
straightforward and it could bring inaccurate predictions in region near the 
diffuser. The box method gives measured boundary conditions for air openings 
at the surface of an imaginary box around the diffuser. The prescribed velocity 
method gives boundary conditions both at a simple opening as in the basic 
model and also at an imaginary box. These two methods require experiments 
or detailed local simulation around the diffuser to determine the parameters at 
the box surface. Therefore they are not used much because experiments are 
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sometimes costly and time consuming. 
 
Figure 3.13 Air flow region out of perforated diffuser (Source: Li and Zhao 
2009) 
 
In this study a simplified box method and a modified basic method are used to 
set the boundary conditions of the diffusers. According to theory, as shown in 
Figure 3.13, the air flow region out of perforated diffuser could be divided into 
three parts, the core zone (length x1), the mixing zone (length x2) and the 
well-mixed zone (length x3). In the well-mixed zone, the air flow velocity 
could be taken as uniform across a cross section. According to theory, the total 
length of the core zone and the mixing zone is about 40 times of the hole 
diameter on the perforated panel. Therefore, the opening panel of the RMP in 
CFD study is set in a new position 200 mm in front of its original position, 
which is between the well-mixed zone and the mixing zone of the opening. 
Similarly, the opening panel of each semi-circular DV diffuser in the CFD 
model is set as the surface of another semi-circle, which has the same axis as 
the original one and a larger radius. This method is similar to the box method, 
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but it uses theoretical estimation instead of experimental results. For the 
DATD diffuser, a modified simple method is used by assigning an area larger 
than the effective opening area and keeping the same mass flow rate. This 
method compromises on the need to keep the momentum and the need to keep 
the ventilation range. The validity of this method is checked together with the 
validity of the CFD model. The turbulence intensity and length scale are set 
according to the experience acquired from previous studies. The boundary of 
air flow settings are listed in Table 3.5. 
Table 3.5 Boundary conditions of air openings 
PV type - RMP DATD
DV air flow rate 60 l/s 60 l/s 60 l/s 
DV turbulence intensity 10% 10% 10% 
DV turbulence length scale 8 mm 8 mm 8 mm 
DV supply air temperature 23˚C 23˚C 23˚C 
PV air flow rate - 5, 10, 15, 20 l/s 5 l/s 
PV turbulence intensity - 10% 5% 
PV turbulence length scale - 2 mm 6 mm 
PV supply air temperature - 19, 20, 21, 22, 23˚C 22˚C 
 
3.5.4 Grid generation 
The quality of grids is another important factor that determines convergence 
and the accuracy of simulation. And since the manikin body has extremely 
complex geometry, mesh generation for its simulation has to be carefully dealt 
with. Unstructured grids are used in the cuboid around the manikin, while 
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Figure 3.16 Grid distributions around manikin surface and air terminal 
devices 
 
3.6 Simulation techniques 
A commercial CFD solver package named FLUENT 6.3 is used to perform all 
the simulations. This section would introduce the settings in the solver 
package and the method of calculation monitoring. 
3.6.1 Simulation settings 
In this study, all simulations are performed for three dimensional steady-state 
airflows in the thermal chamber. The used turbulence model is RNG k-ε model 
with enhance wall treatment. Pressure gradient effects and thermal effects are 
turned on for the enhanced wall treatment. Buoyancy effect is enabled by 
turning on gravity and set the fluid density as ideal-gas. A mixture of SF6 and 
air is used as the simulated fluid in all simulations. Under-relaxation factors 
are used and reduced from the default values in the software to ensure 
convergence. PISO algorithm is used for pressure-velocity coupling. PESTRO!  
algorithm is used for pressure discretization, and second order upwind 
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algorithm is used for the discretization of the other parameters. 
 
3.6.2 Convergence and grid independency 
There are no universal metrics for judging convergence. Residual definitions 
that are useful for one class of problem are sometimes misleading for other 
classes of problems. Therefore it is a good idea to judge convergence not only 
by examining residual levels, but also by monitoring relevant integrated 
quantities such as flow flux or heat transfer flux. In buoyancy-driven flow 
simulations, scaled residuals may not drop to the default residual criteria in 
FLUENT, because the initial residuals used as scale factors are rather small. 
Therefore the residual criteria in these simulations have been modified to 1e-2 
for continuity, 1e-3 for velocity and turbulence properties, and 1e-6 for energy 
equation. All simulation converged after about 2000 iterations. Flow flux and 
heat transfer flux have been monitored on some critical faces to ensure that 
these variables have become stable. 
 
Grid independency was checked to make sure that the grid system used in the 
simulations is fine enough to generate accurate results. As shown in Figure 
3.17 (right), a grid system with smaller grid interval size and more cells was 
built up, and used to perform a test simulation. The result from this simulation 
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was compared with the result from the same case calculated with the coarser 
grid. The finer grid consists of 2,873,659 cells in the cuboid around the 
manikin and 769,254 cells in the other room space. The comparison shows 
that there is little difference between these two results. Therefore, the coarser 
grid is used in all simulations to save time and computational resource. 
 
Figure 3.17 Grid employed and grid used for grid independency check (coaser 
grid on the left and finer grid on the right). 
 
3.7 Method of CFD result Analysis  
Firstly, the result from simulation will be compared with the experimental 
results to check the validity of the models. Velocity vectors of air distribution 
around the manikin are drawn to describe local air movement. Path lines are 
drawn to show the tracks of pollutant transportation and the dispersion of PV 
air. These results are discussed to verify the impact of PV air flow rate and 
temperature on the performance of the coupled PV-DV ventilation system. 
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Chapter 4:  Results and Discussion 
4.1 Experimental study 
  
4.1.1 Air quality around manikin head 
The air quality near the nose is the most crucial variable; however, the air 
environment around the head is also important as the occupants would turn his 
head around from time to time. Therefore, the concentration of the 
contaminant from the panel source put on the table in front of the manikin and 
on the floor in the room is measured around the head of the manikin. In this 
study the air quality is evaluated with the pollutant exposure index, which is 
introduced to describe how much the pollutant source would affect the 
measured location as described in 3.3. 
 
Figure 4.1 shows the pollutant exposure at 4 points around the manikin’s head 
when the contaminant source is placed on the floor. DV supply air was 
controlled at 23 °C. The pollutant source is on the right of the manikin and the 
horizontal distance is about 1.5 m. The overall exposure index is between 0.01 
and 0.025. The result shows that when no PV air is supplied the point near 
nose tends to have the highest exposure. This might be due to the sucking of 
air into the nose draws air with higher concentration of pollutants near the 
nose. The point near the right ear also has relatively high exposure and is not 
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reduced by any kind of PV ATD. This is because it is nearest to the pollutant 
source, and the PV air flow rate is relatively low and cannot dilute the polluted 
air brought up by the air flow generated by stratification. The result shows that 
largest reduction of exposure near nose is achieved when DATD is used, but 
not at the other 3 locations. The reduction of pollutant exposure brought by 
RMP is relatively smaller. 
 
 
Figure 4.1 Pollutant Exposure Index (PEI) for DV supply air at 23 °C without 
PV, with DATD or with RMP using supply air at 22 °C (Pollutant Source on 
the floor)  
 
The results collated when pollutant source is put on the table are shown in 
Figures 4.2 – 4.4. Figure 4.2 and Figure 4.4 show that RMP could provide 
larger reduction of pollutant exposure when the DV supply air is either 26 °C 
or 23 °C. The results also show that when pollutant source is on the table, the 
pollutant exposure at the back of head is the lowest. This could be due to the 
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head that blocks the pollutant and the pollutant is raised up by the upward flow 
of air due to thermal buoyancy.  
 
 
Figure 4.2 Pollutant Exposure Index for DV supply air at 23 °C without PV, 
with DATD or RMP using supply air at 22 °C (Pollutant source on the table) 
 
The influence of DV supply air temperature is shown in Figure 4.3. It is 
obvious that when DV is supplied at 26 °C, the pollution exposure around 
head is lower. This is because the tracer gas SF6 is denser than air, and when 
DV supply air is at 26 °C, the thermal buoyancy is not so strong, hence the 
denser SF6 does not reach the head region. When the DV supply temperature 
is at 23 °C, the thermal buoyancy is greater and brings the pollutants to the 
breathing zone. The result also shows that the difference of PEI between the 
point near the nose and the points on both sides is larger when DV supply air 
is at 26 °C compared to when DV supply air is at 23 °C. This could be due to 
the inhalation of manikin, which brought air laden with higher concentration 
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of SF6 from below the nose in the case of higher DV supply air temperature. In 
the case of lower DV supply air, the air laden with SF6 has already been 
brought up to the breathing zone by the thermal buoyancy.  
 
 
Figure 4.3 Pollutant Exposure Index for DV supply air at 26 °C and at 23 °C 
(Pollutant source is on the table) 
 
Figure 4.4 shows that when DV supply air temperature is at 26 °C, both RMP 
and DATD could provide protection to the occupant near the nose. RMP 
provides better protection than DATD because RMP supplies clean air from 
above and over a much larger area than DATD. The points on the rear and 
both sides of the head served by RMP have lower PEI than at the nose because 
the clean air jet has mixed with pollutant before it reaches the nose. On the 
other hand, the DATD pushes clean air towards the facial region and dilutes a 




Figure 4.4 Pollutant Exposure Index for DV supply air at 26 °C without PV, 
with DATD or RMP using supply air at 22 °C (Pollutant source on the table) 
 
4.1.2 Contaminant distribution 
Figures 4.5 – 4.8 show the pollutant exposure at some strategic locations 
across the room, i.e., two points near the two exhaust grills, a point near the 
nose, a point at the back of head, and a point in the room ambient at the height 
of 1.5m to simulate the nose position of a walking occupant. When the 
pollutant source is on the floor, the horizontal position of the source and the 
position of the point in the room ambient at walking occupant’s nose are quite 
close to each other. These figures are drawn to show the profiles of pollutant 
concentration in the room. 
 
Figure 4.5 compares the pollutant exposure to table pollutant source of these 
measured points in the cases of different DV supply air temperature. The result 
shows that there is not much difference between the two cases in most 
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measured points except the one near the nose. The difference in the point near 
nose has already been discussed in section 4.1.1. It could be inferred that given 
same supply air rate, the temperature of DV air supply doesn’t have much 
impact on pollutant distribution on the locations away from heat source and 
pollutant source in the room. 
 
Figure 4.5 PEI at different measurement locations under DV supply air at 
26 °C and 23 °C. (Pollutant source on the table) 
 
Figure 4.6 shows the table contaminant exposure in the cases when DV supply 
air is set at 23 °C. The profile in the case when DATD is used is close to that 
in the case without PV usage except for the point near the nose. However, in 
the case when RMP is used, the pollutant exposure at the back of manikin 
head and the point at the nose of a walking occupant is higher than the other 
two cases. This might be due to the fact that the supply air from the RMP 
travels downwards and is polluted when it travels through the polluted air 
above the table and adjacent to manikin surface, and could affect the point at 
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an walking occupant’s nose when it is raised up by the room flow in the 
ambient, because the walking occupant is not far away from the seated 
occupant, as the environmental room is of small scale. These two points are 
not affected by DATD, and this might be due to that the direction of the supply 
air of DATD is upwards and the PV air would goes up after reaches the 
manikin face. The concentrations at the exhaust grills are similar in all three 
cases. However, the pollutant exposure in the case when RMP is used is lower 
than that in the other two cases. It is possible that RMP could transport 
pollutants from the table source to lower region in the room and therefore less 
pollutant is dismissed from the exhaust grills. 
 
Figure 4.6 PEI for DV supply air at 23 °C without PV, with DATD or RMP 
using supply air at 22 °C. (Pollutant source on the table) 
 
However, in Figure 4.7 the PEI at the back of head and the nose of a walking 
occupant are similar in all three cases. As the pollutant concentration in the 
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head zone is lower in the case of DV supply air at 26 °C, the downward air 
flow of RMP travels through a less polluted area in this case and would not 
have much impact on the walking occupant. The point at the nose of the 
walking occupant is mainly affected by the air in the lower region, and it could 
be polluted by the pollutants in the lower region near the table. This could also 
be the reason why the pollutant exposure at the room ambient is quite high. 
 
Figure 4.7 PEI for DV supply air at 26 °C without PV, with DATD or RMP 
using supply air at 22 °C. (Pollutant source is on the table) 
 
When the pollutant source is put on the floor, the point at the nose of the 
walking occupant could no longer represent ambient air, and now it should be 
called the point above the floor pollutant source. Figure 4.8 shows the 
influence of the use of RMP on the point in the room ambient. The pollutant 
exposure at the point above the floor pollutant source is obviously lower in the 
case when RMP is used than that in the other cases. The PEIs at other points 
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are close for the three cases. 
 
Figure 4.8 PEI for DV supply air at 23 °C without PV, with DATD or RMP 
using supply air at 22 °C. (Pollutant source is on the floor) 
 
The profile of pollutant exposure at different heights near manikin is shown in 
Figures 4.9 – 4.12. Four points are measured. The point at height of 1.2 m is 
the one positioned near nose. The point at height of 0.2m is positioned near 
manikin’s calf. In Figures 4.9, 4.10 and 4.12, the pollutant exposure at the 
point at the height of 0.7m is quite high because this point is at the same 
height as the table surface. From these figures the impact of the two PV ATDs 
and the temperature of the DV air supply air on the environment around the 
manikin at different heights could be seen.  
 
Figure 4.9 shows the difference between the cases when DV supply air is 
26 °C and 23 °C respectively. The result shows that pollutant exposure at three 
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points at heights not lower than height of the pollutant source is higher when 
DV supply air temperature is 23 °C. This agrees with the previous analysis. 
When DV temperature is lower, the stronger air flow brings polluted air up. 
And because pollutant tends to sink downwards when there is no or weaker 
upward air flow, the point at the height of 0.2 m experiences higher pollutant 
exposure when DV supply air is set at 26 °C. 
 
Figure 4.9 PEI for DV supply air at 23 °C and 26 °C. (Pollutant source on the 
table) 
 
Figure 4.10 shows the impact of PV on the profile at different heights around 
manikin when DV supply air is at 23 °C. The pollutant exposure at the point at 
the height of 0.7 m is lowest in the case of RMP than that in the other cases. 
This is due to the relatively large supply air area of RMP, which makes it 
capable of influencing larger ranges. And the pollutant exposure at the point at 
the height of 0.7 m in the case of DATD is lower than that in the case when no 
PV is used. This is a little surprising, since DATD is aiming at the front face of 
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manikin. However, it might be due to that the air flow from DATD enrolls 
pollutants upwards, therefore, less pollutants reaches the point at the height of 
0.7 m. The result also shows that at the height of 1.7 m, pollutant exposure is 
lower when PV is applied. This is due to that PV air blows polluted air away 
from the vertical line. 
 
Figure 4.10 PEI for DV supply air at 23 °C without PV, with DATD or RMP 
using supply air at 22 °C. (Pollutant source is on the table) 
 
Figure 4.11 shows the impact of PV on the profile at different heights around 
manikin when DV supply air is at 26 °C. Similar to Figure 4.10, the result also 
shows that at the height of 1.7 m, pollutant exposure is lower when PV is 
applied. This could be explained with the same reason indicated above. 
Different from Figure 4.10, in Figure 4.11 the pollutant exposure at the height 
of 0.7 m when DATD is used is almost the same as that in the case when no 
PV is used. This might be explained in such a way: though DATD enrolls 
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some pollutants upwards, the up flow along the manikin is not strong when 
DV is supplied at 26 °C, therefore, the pollutant would sink down again. It is 
also surprising that PV could reduce the pollutant exposure at the height of 0.2 
m. This might be due to that the PV air flow gives the pollutant a velocity 
towards the behind of manikin, therefore, the pollutant would travel less 
towards the point at the 0.2 m point, which is beside the left calf of the 
manikin.   
 
Figure 4.11 PEI for DV supply air at 26 °C without PV, with DATD or RMP 
using supply air at 22 °C. (Pollutant source is on the table) 
 
Figure 4.12 shows the impact of PV on the profile at different heights around 
manikin when DV supply air is at 23 °C and the pollutant source is located on 
the floor. The result shows that in these cases, the pollutant exposure at the 
point at the height of 0.7 m is rather low. This is due to that manikin’s body 
blocks pollutants from traveling to front of manikin. It is also noticed that 
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when RMP is used, the concentration at the height of 0.2 m is higher than that 
in the other cases. The RMP could drive pollutants downward, and therefore 
the pollutant concentration would be higher near the 0.2 m level over the floor. 
However, this reason is not so persuasive. The result also shows that at the 
height of 1.7 m, when RMP is used, the pollutant exposure is higher than that 
in the case when no PV is used, but the difference is not obvious. 
 
Figure 4.12 PEI for DV supply air at 23 °C without PV, with DATD or RMP 
using supply air at 22 °C. (Pollutant source is on the floor) 
 
4.1.3 Thermal comfort of seated manikin 
Figures 4.13 – 4.15 show different body segment’s skin surface temperature in 
different cases. The temperature is affected by the temperature and air velocity 
of the micro-environment around manikin, the clothing condition, the posture 
of manikin, etc. The skin surface temperature could be used to analyze the 




Figure 4.13 shows different body segment’s skin surface temperature as the 
manikin in comfort mode was exposed to only DV with supply air at 26 °C 
and 23 °C. The clothing value is 0.7 clo, which represents a typical office wear 
in the tropics. It is observed that forearms, faces and hands instead of feet have 
the lower temperatures out of the 26 body segments. It could be due to that the 
manikin wore socks and slippers, while the forearms and hands are directly 
exposed to the air. The temperature of the skull skin is also low as the manikin 
was not wearing hair during the experiment. The back thighs, pelvis, backside, 
chests and backs are the warmest segments as the manikin was seated with its 
back leaning on the chair and thighs on the chair. The highest surface 
temperature for case 1 (DV 26 °C) is about 34.8 °C and that for case 2 (DV 
23 °C) is about 34.4 °C. The lowest surface temperature for case 1 is about 
32.5 °C and that for case to is about 31.5 °C. The result also shows that by 
decreasing the DV supply air temperature, the decrease of skin temperatures of 
the exposed parts is much more obvious than that of the parts covered by 
clothing. Namely, the cooling of these exposed parts could be enhanced more 




Figure 4.13 Temperature of manikin body segments under DV supply air at 
26 °C and 23 °C. 
 
Figure 4.14 displays the profiles of different body segments’ skin surface 
temperatures for different scenarios when DV is supplied at 26 °C. They 
include PV off, PV air supplied from RMP and PV air supplied from DATD. 
Result shows that maximum cooling on the faces is achieved with DATD, and 
the body segments significantly cooled by DATD include the scull, faces and 
neck. This could be due to the small outlet area of DATD with higher supply 
air velocity reaching limited areas. It is also observed that in some parts the 
skin temperature is higher in the case of DATD than no PV is used. This 
surprising phenomenon may be due to fluctuations in the supply air. On the 




Figure 4.14 Temperature of manikin body segments under DV supply air at 
26 °C without PV, with DATD or RMP at 22 °C. 
 
 
Figure 4.15 Temperature of manikin body segments under DV supply air at 
23 °C without PV, with DATD or RMP at 22 °C. 
 
Figure 4.15 shows different body segment’s skin surface temperature for 
different scenarios when DV is supplied at 23 °C. They include PV off, PV air 
supplied from RMP and PV air supplied from DATD. Just like before, it is 
also observed that the maximum cooling on the faces is achieved with DATD, 
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and the body segments significantly cooled by DATD include the scull, faces 
and neck. The skin surface temperature profiles are closer between the RMP 
and DATD PVs with DV supply air temperature at 23 °C than with DV supply 
air temperature at 26 °C. 
 
4.2 Validation of CFD model 
CFD simulation results in three typical cases are compared with experimental 
results to check the validity of the CFD model. In these three simulation cases 
and the corresponding experiments, DV supply air temperature is 23 °C and 
airflow rate is 60 l/s. The settings for PV in these three cases include: no PV is 
on; RMP at supply air temperature of 22 °C and airflow rate of 5 l/s; and 
DATD at supply air temperature of 22 °C and airflow rate of 5 l/s. The 
pollutant source is on the table in all three cases used for validation. 
Comparison is made between experimental and numerical data of PEI, air 
velocity and temperature.  
 
 
4.2.1 Concentration of pollutant 
The PEI values at four locations in the experiments and CFD modeling are 
compared. These locations are close to the seated manikin at the height of 0.2 
m (between manikin’s lower legs), 0.7 m (between manikin’s chest and table 
edge), 1.2 m (manikin’s nose) and 1.7 m (over manikin’s head). Figures 4.16 – 
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4.18 show the comparison of PEI values between experimental and CFD 
results. The Y-axis represents the height of the locations and the X-axis 
represents the value of PEI. The profiles of PEI along the vertical line could be 
seen and compared. 
 
Figure 4.16 Comparison of PEI between experimental and numerical data. 
(No PV is used) 
 
Figure 4.17 Comparison of PEI between experimental and numerical data. 




Figure 4.18 Comparison of PEI between experimental and numerical data. 
(DATD is used) 
 
Figures 4.16 – 4.18 show that the profiles of experimental and CFD results 
have similar trend throughout the height. However, the CFD simulation 
overestimated the PEI values form RMP and underestimated for no PV and 
DATD at 0.7 m height. On the whole, the PEI values from CFD and 
experimental results are considered reasonably correlated.  
4.2.2 Air velocity and temperature 
The comparison of air velocity between experimental and CFD data are shown 
in Figures 4.19 – 4.21, while the comparison of experimental and simulated air 
temperature are shown in Figures 4.22 – 4.24. Air velocity and temperature are 
measured at the same locations. These locations are close to the seated 
manikin at the height of 0.2 m (between manikin’s lower legs), 0.7 m (between 
manikin’s chest and table edge), 1.2 m (manikin’s left face), 1.6 m (right over 




Figure 4.19 Comparison of air velocity between experimental and numerical 
data. (No PV is used) 
 
Figure 4.20 Comparison of air velocity between experimental and numerical 
data. (RMP is used) 
 
Figure 4.21 Comparison of air velocity between experimental and numerical 





Figure 4.22 Comparison of air temperature between experimental and 
numerical data. (No PV is used) 
 
 
Figure 4.23 Comparison of air temperature between experimental and 
numerical data. (RMP is used) 
 
Figure 4.24 Comparison of air temperature between experimental and 




The air velocity and air temperature profiles of experimental and CFD data are 
found to have similar trends except for Figure 4.23. There is a slight difference 
between the profile trends at locations above 1.5 m. The simulated data is 
usually slightly underestimated as compared to the measured data most of the 
time. On the whole, the air velocity and temperature from experimental and 
CFD results are considered reasonably correlated. The model is validated and 
can be used to simulate other scenarios.  
 
4.3 The impact of supply air flow rate from the RMP 
RMP is better than DATD in terms of PEI and thermal comfort when the 
pollutant source is on the table. Therefore, in this section the impact of RMP 
supply air flow rate on the performance of the combined PV-DV system is 
discussed based on the results from the CFD simulation. Four different airflow 
rates, namely, 5, 10, 15 and 20 l/s, are assigned as RMP supply airflow rate 
while the supply air temperature is kept at 22 °C. DV supply air temperature is 
23 °C in all cases. Path lines are used to enable the visualization of PV air and 
the pollutant movement. Velocity vectors are used to analyze the flow 
distribution around the manikin. The vector figures are shown on a section that 





Figure 4.25 Path lines of PV air from RMP (PV airflow rate at 5l/s) 
 
Figure 4.26 Path lines of PV air from RMP (PV airflow rate at 10 l/s) 
  




Figure 4.28 Path lines of PV air from RMP (PV air flow rate at 20 l/s) 
Figures 4.25 – 4.28 show that when RMP flow rate is 5 l/s, there is not enough 
PV air reaching the manikin face to provide cooling and fresh air. When the 
airflow rate is 10 l/s, the PV air could reach manikin head and then goes up. 
When the air flow rate is larger than 15 l/s, the PV air travels horizontally after 
reaching the head, and can carry pollutants or infectious particles generated 
around the occupants to the other parts of the room. Hence, the air flow rate 
should not be larger than 15 l/s according to this simulation result. 
  




Figure 4.30 Path lines of pollutant transportation (PV airflow rate at 5 l/s) 
  
Figure 4.31 Path lines of pollutant transportation (PV airflow rate at 10 l/s) 
 




Figure 4.33 Path lines of pollutant transportation (PV airflow rate at 20 l/s) 
 
Figures 4.29 – 4.33 show the path lines of the pollutant emitted from a laptop 
keyboard in front of the manikin. It can be seen that when the airflow rate at 5 
l/s, the pollutants could still travel beside manikin head. When the airflow rate 
is at 10 and 15 l/s, little pollutant could be transported near the manikin head. 
When the air flow rate is too large, the pollutant can be taken to the room 
space, as shown in Figures 4.32 and 4.33. 
 






Figure 4.35 Velocity vectors of fluid (PV at 5 l/s) 
 




Figure 4.37 Velocity vectors of fluid (PV at 15 l/s) 
 
Figure 4.38 Velocity vectors of fluid (PV at 20 l/s) 
 
Obvious thermal plumes could be found in Figures 4.34 – 4.36, for cases with 
no PV, PV at 5 l/s and PV at 10 l/s respectively. In Figure 4.37 it can be found 
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the thermal plume is pushed to the behind of the manikin, but it still goes up 
eventually. Figure 4.38 do not have obvious thermal plume. This shows that 
the large RMP supply air flow rate affects the thermal plume in DV room and 
have an impact on indoor air quality. 
 
4.4 The impact of supply air temperature from the RMP 
 
  
Figure 4.39 Path lines of PV air (PV air at 19 °C, 10 l/s) 
 




Figure 4.41 Path lines of PV air (PV air at 21 °C, 10 l/s) 
  
Figure 4.42 Path lines of PV air (PV air at 22 °C, 10 l/s) 
 




Figures 4.39 – 4.43 show the path lines of PV air at different temperatures. In 
Figures 4.39 and 4.40, it can be observed that when supply air temperature is 
low, PV air drops to the height of the table and then rises up due to buoyancy 
effect, and swirled flows may be formed in the space between the chest and 
the table. When the PV supply air temperature is larger than 21 °C, this 
phenomenon is not found. 
 
  
Figure 4.44 Path lines of pollutant (PV air at 19 °C, 10 l/s) 
 




Figure 4.46 Path lines of pollutant (PV air at 21 °C, 10 l/s) 
 
Figure 4.47 Path lines of pollutant (PV air at 22 °C, 10 l/s) 
 




Figure 4.44 shows that the pollutant is transported with the swirled flow as 
shown in Figure 4.39. In Figure 4.45, the pollutant travels above the table and 
rises up with the thermal plume generated around the laptop. In these two 
cases, the pollutant mixes with the dropped PV air and then goes up. The 
difference between these two cases is the movement of the PV air which 
depends on the PV air temperature. This implies that the temperature of PV 





Figure 4.49 Velocity vectors of air distribution around the manikin (PV air at 




Figure 4.50 Velocity vectors of air distribution around the manikin (PV air at 
20 °C, 10 l/s) 
 
Figure 4.51 Velocity vectors of air distribution around the manikin (PV air at 




Figure 4.52 Velocity vectors of air distribution around the manikin (PV air at 
22 °C, 10 l/s) 
 
 
Figure 4.53 Velocity vectors of air distribution around the manikin (PV air at 
23 °C, 10 l/s) 
 
Figures 4.49 – 4.53 show the velocity vectors of air distribution around the 
manikin. The drop of PV air could also be seen in Figure 4.49. From Figures 
4.49 and 4.50 it can be found that PV air first drops and then hit the manikin 
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body and forms a swirled flow. The swirling flow would continue to drop to 
the lower region (as shown in Figure 4.49) or travel to the pollutant source on 
the table (as shown in Figure 4.50). Therefore, the PV supply air temperature 
affects pollutant transportation. The thermal plume in front of the manikin is 
affected, but the overall thermal plume around the manikin is not affected 
much. 
 
4.5 DATD air flows 
The measured pollutant distribution shows that DATD brings pollutants on the 
table to the breathing zone (Section 4.1.1). Figure 4.54 has demonstrated the 
mixing of pollutants and air brought by the DATD PV using simulated results.  
 
Figure 4.54 Path lines of DATD supply air (on the left) and the pollutant (on 
the right) (PV air flow rate at 5 l/s temperature at 22°C) 
 
4.6 Discussion 
The results of pollutant exposure when the pollutant source is put on the table 
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show that both of the PV ATDs could improve inhaled air quality when DV 
supply air is at 26 °C and 23 °C. When no PV is used, the pollutant exposure 
around manikin is higher with DV supply air temperature at 23 °C due to the 
stronger thermal plume which brought the pollutant upwards. The pollutant 
exposure near the nose is generally higher than at other locations around the 
head at the same vertical level due to the suck of air by respiratory movement 
of the manikin. RMP could better improve inhaled air quality than DATD 
when the pollutant source is on the table, because the DATD supply air travels 
through the highly polluted area near the source. The pollutant exposure of a 
walking occupant in the room would be affected by the use of RMP because 
RMP would bring pollutants downwards and backwards from the manikin and 
the ambient location is not far away from the seated occupant in this chamber 
of a rather small scale. Note that the PV air flow rate applied in this study is 
relatively small, which means in the case of larger PV air flow rate, RMP is 
expected to affect the air quality of a walking occupant more. When DATD is 
used, the pollutant exposure of a walking occupant is observed to be not 
affected. 
 
In the case of the pollutant source placed on the floor to the right of the 
manikin in a distance of 1.5 m horizontally, the inhaled air quality provided by 
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the two PV ATDs is much better. DATD could provide more significant 
reduction of pollutant exposure than RMP because that the flow path of the 
DATD supply air is not near the pollutant source and it can reach the 
inhalation zone with higher flow rate. However RMP would provide a broader 
range of protection around the manikin head and upper body. When no PV is 
used, higher pollutant concentration is observed when DV air supply is at 
23 °C also due to the stronger thermal plume which brought the pollutant 
upwards. As RMP would transport pollutant to the ambient space when the 
pollutant source is on the table, RMP would reduce the pollutant concentration 
at the point 1.5 m above the pollutant source on the floor, which is considered 
as the room ambient location in this small thermal chamber. This indicates that 
in DV room, a PV ATD which supplies personalized air upwards and towards 
the occupant, such as DATD, may be better, given that the PV air does not 
travel through highly polluted area. 
 
The temperature of body segments’ skin surface temperature is used to 
evaluate the cooling ability of different PV-DV coupling approaches. These 
body segments exposed directly to the room air tend to be more influenced by 
the change of DV supply air temperature. DATD could bring higher level of 
cooling to the body parts at which the PV air is targeted, but at a limited range. 
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RMP could not provide cooling as much as DATD does in the faces and necks, 
but it can provide cooling to a wider range of body segments. 
 
Comparison is made between experimental and numerical data of PEI, air 
velocity and temperature to validate the CFD model. It is found that the 
profiles of experimental and CFD results have similar trend throughout the 
height of locations, although the simulated data is usually slightly 
underestimated as compared to the measured data most of the time. On the 
whole, the air velocity and temperature from experimental and CFD results are 
considered reasonably correlated. The model is validated and can be used to 
simulate other scenarios. 
 
In the numerical study the impact of the PV air supply rate and temperature on 
PV performance is investigated. It is found that when RMP is used, the air 
flow rate 5 l/s of RMP is not sufficient to deliver fresh air fully into breathing 
zone. The optimum air flow rate for RMP should be around 10 l/s to 15 l/s. 
When the air flow rate of RMP is too large, the thermal plume of displacement 
and the exhaust of pollutants will be affected. PV air temperature of RMP is 
also found to have significant impact on indoor pollutant transportation. When 
the PV air temperature is relatively low, the PV air first drops due to its larger 
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density and then hit the manikin body and forms a swirled flow. The swirling 
flow would be directly raised up by the thermal plume, or continue to drop to 
the lower region, or travel to the pollutant source on the table. The behavior of 
the PV air is dependent of the PV air temperature and it affects local pollutant 
transportation. Therefore, the PV supply air temperature may affect local 




Chapter 5:  Conclusion 
5.1 Achievement of research objectives 
The objectives of the thesis are:  
1. To compare the indoor air quality and thermal performance of two 
specifically designed PV ATDs coupled with DV system;  
2. To evaluate the impact of the PV air supply rate and temperature on PV 
performance;  
3. To make recommendations on the strategy of PV system in rooms served by 
DV system. 
 
Achievement of objective 1: 
In the experimental study the indoor air quality and thermal performance of 
two PV ATDs are compared. It is found that DATD could provide more 
reduction of pollutant exposure than RMP when the pollutant source is on the 
floor, while RMP could provide better protection when the pollutant source is 
on the table. Meanwhile, RMP could provide protection to a larger range of 
local space while DATD mainly focuses on a smaller range, that is, the region 
near nose. It is also found that DATD could provide stronger cooling to the 
manikin face, while RMP could provide cooling to a wider range including 
skull, chest and upper arms. It is also found that in a relatively small room, the 
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use of RMP may affect the indoor air quality in the room ambient space. 
 
Achievement of objective 2: 
The CFD models have been validated with experimental data. The numerical 
results and experimental results are reasonably correlated. Then the CFD 
models are used to test different combinations of PV air supply rate and 
temperature to investigate the impact of them on the performance of PV 
coupled with DV. It is found that when RMP is used, the air flow rate 5 l/s of 
RMP is not sufficient to deliver fresh air completely to the breathing zone. The 
optimum air flow rate for RMP should be around 10 l/s to 15 l/s. When the air 
flow rate of RMP is too large, the thermal plume of displacement and the 
exhaust of pollutants will be affected. Supply air temperature of RMP is also 
found to have significant impact on indoor pollutant transportation. 
 
Achievement of objective 3: 
According to the findings in the study, it can be recommended that RMP and 
DATD may both be suitable to be coupled with DV system. When using RMP, 
It should be better to keep the PV airflow rate around 10 – 15 l/s and PV air 
temperature above 21 °C. When using DATD, it is good practice to make sure 
that there is little pollutant emission from the table or the objects on it. 
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5.2 Verification of the hypotheses 
The hypotheses are verified as follows: 
Hypothesis 1: PV system coupled with DV system can remove gaseous 
pollutants more effectively from the breathing zone when the pollutant source 
is either on the table or on the floor. 
It was found with both types of PV ATDs, the gaseous pollutant could be 
efficiently removed from the breathing zone, when the pollutant source is 
either on the table or on the floor. 
 
Hypothesis 2: PV system coupled with DV system can provide better thermal 
comfort to occupants. 
Both types of PV ATDs could provide obvious cooling to the occupant. DATD 
provides stronger cooling to the faces and neck of the seated occupant. RMP 
could cool down the face, the skull and the chest, though not as strong as 
DATD does. Therefore, when PV is used in DV room, the DV supply air 
temperature could be raised to avoid discomfort at occupants’ feet and lower 
legs caused by cold air and meanwhile the upper body is effectively cooled by 
PV. Hence, the coupled system has a potential of providing better thermal 
comfort. 
 
Hypothesis 3: When the pollutant source is on the table, RMP may have better 
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performance than DATD on inhaled air quality when they are coupled with 
DV system. 
In the experimental study the indoor air quality and thermal performance of 
two PV ATDs is compared. It is found that DATD could provide more 
reduction of pollutant exposure than RMP when the pollutant source is on the 
floor, while RMP could provide better protection when the pollutant source is 
on the table. 
 
Hypothesis 4: The PV airflows may affect the indoor air quality in the room 
ambient. 
It is found that when RMP is used, the indoor air quality in the ambient room 
space may be affected by PV airflows in a small room like the chamber used 
in this study. When DATD is used, the impact of PV airflows on ambient 
indoor air quality is not observed. 
 
Hypothesis 5: The supply air temperature and airflow rate of PV may affect 
the local flow around the occupant and hence affect the local air quality. 
The supply airflow rate of RMP is found to have significant impact on local 
air quality. When it is too low, the fresh air cannot be completely delivered to 
the breathing zone; when it is too high, the thermal plume around the occupant 
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is affected and may not be able to bring pollutants upward. Supply air 
temperature of RMP is also found to have significant impact on indoor 
pollutant transportation. When it is too low, the local air quality may be 
affected. 
5.3 Limitations 
The limitations of this study include: 
1.  There are some differences in the CFD model as compared to the 
experimental study as the computational manikin model does not have the 
clothes and the chair is not built into the CFD model. Lastly, respiration is not 
considered in CFD study. 
2.  Only gaseous pollutant transportation is studied in this thesis, while 
particulate pollutant may behave rather differently and should also be studied. 
3.  It is to note that all the above findings are based on a specified geometry 
and size of the PV ATDs. Variations in these parameters could affect their 
performance. 
5.4 Recommendations for future work 
Firstly, a study of particulate pollutant transportation in the combined PV-DV 
system should be initiated. Secondly, when doing CFD simulation, manikin 
respiration could be considered and the results could be used to compare with 
those from simulation without respiration. Thirdly, other turbulence models 
could be employed to simulate the combined systems and a comparison of 
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